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ABSTRACT	OF	THE	DISSERTATION		Advances	in	RNA	Chemical	Structure	Probing	Inside	Cells			By		Dalen	Chan		Doctor	of	Philosophy	in	Pharmacological	Sciences			University	of	California,	Irvine,	2019		Professor	Robert	C.	Spitale,	Chair						 From	epigenetic	regulation	to	protein	regulation,	RNAs	structure	is	integral	to	a	wide	variety	of	cellular	processes.	Many	functions	performed	by	RNAs	are	now	just	beginning	to	be	 discovered	 and	 explored.	 An	 important	 step	 forward	 is	 developing	methods	 that	 can	relate	the	structure	of	a	given	RNA	molecule	to	its	function.	Chemical	probing	is	commonly	the	method	of	choice	for	interrogating	RNA	structure;	however,	the	field	is	limited	to	select	chemistries	 available	 for	 studying	RNA	 structure.	Herein,	my	 studies	 provide	 avenues	 to	improve	 upon,	 as	 well	 as	 invent,	 chemical	 approaches	 necessary	 to	 add	 to	 the	 current	toolbox	of	chemical	methods	for	measuring	RNA	structure	inside	living	cells.	Furthermore,	these	tools	are	adapted	to	next-generation	sequencing	methodologies	which	can	provide	a	convenient	access	to	analyzing	the	structures	of	thousands	of	RNAs	in	parallel.	The	merger	of	chemistry	and	transcriptomics	is	poised	to	provide	novel	inroads	to	exploring	how	groups	of	RNAs	are	regulated	by	common	structural	motifs	that	impart	function.			
1		
Chapter	1:	Background	
1.1	Introduction	
The	central	dogma	proposed	by	Watson	and	Crick1	posits	information	transfer	from	DNA	to	RNA	to	protein.		This	galvanized	the	field	to	focus	heavily	on	the	biology	of	proteins,	which	were	originally	believed	to	be	key	contributors	to	essential	cellular	processes.	RNA,	on	the	other	hand,	was	relegated	early	on	to	a	supportive	role,	although	early	studies	have	shown	RNA	to	have	noncoding	elements	with	important	regulatory	functions2,3.		Sequencing	the	human	genome	revealed	that	only	2%	of	DNA	sequences	encode	for	30,000	 protein	 coding	 genes4.	 The	 combination	 of	 this	 observation	 and	 the	 resulting	ENCODE	project5	positioned	the	field	to	pursue	noncoding	elements	of	RNA	biology.	Further	analysis	into	the	function	of	noncoding	RNA	has	revealed	their	key	role	in	all	aspects	of	gene	regulation,	 such	 as	 transcription,	 translation,	 as	 well	 as	 processing6.	 These	 striking	observations	have	led	to	a	paradigm	shift	in	our	understanding	not	only	of	the	complexity	of	the	human	genome,	but	also	how	cells	utilize	RNA	molecules	for	key	and	essential	processes.	All	of	these	biological	functions	rely	on	the	intrinsic	properties	of	RNA	to	interact	with	protein,	 nucleic	 acids,	 or	 even	 small	molecule	 factors7-9.	 The	 genetic	 sequence	 of	 RNA	 is	essential	 for	 base	 pairing	 interactions,	 which	 are	 integral	 to	 gene	 recognition	 related	processes,	such	as	information	transfer10.	Similarly,	structure	features	of	the	RNA	are	also	integral	to	RNA	function	and	regulation.	For	instance,	tRNAs	adopt	complex	tertiary	scaffolds	that	 are	 associated	 with	 stability,	 as	 well	 as	 recognition	 by	 the	 ribosome	 for	 protein	translation.	RNA	structure	can	also	serve	to	recruit	RNA	binding	proteins	(RBPs)	to	repress	
2		
chromatin	 states11,	 as	 well	 as	 modulate	 gene	 expression	 upstream	 by	 binding	 to	 small	ligands7.		Defects	 caused	 by	 RNA	 structure	 are	 heavily	 implicated	 in	 diseased	 phenotypes.	Excess	of	structural	elements	can	dramatically	alter	the	delicate	stoichiometry	necessary	for	cell	 functions.	 For	 example,	 myotonic	 dystrophy	 1	 is	 a	 disease	 that	 leads	 to	neurodegeneration,	cardiac	problems,	and	gradual	weakness	of	the	muscle12.	The	pathology	of	this	disease	is	caused	by	an	expansion	of	a	trinucleotide	CUG	repeats	at	the	3’	untranslated	region	 of	 the	 RNA	 (Figure	 1-1),	 serving	 as	 a	 structural	 scaffold	 to	 sequester	 many	transcription	factors	and	RNA	binding	proteins13,14.	The	excessive	“gain	of	function”	leads	to	a	 complex	 phenotype	 that	 dysregulates	 cellular	 functions	 and	 leads	 to	 cell	 death.	 Other	neurological	 disorders,	 such	 as	 fragile	 X	 associated	 tremor/ataxia	 syndrome,	 function	similarly	by	sequestering	RBPs	involved	in	trafficking,	splicing,	and	translation15,16.		
	
Figure	1-1.	Expansion	of	CUG	Repeats	Sequester	RNA	Binding	Proteins.	Repetitive	RNA	elements	in	myotonic	dystrophy	has	been	demonstrated	to	recruit	Muscle	blind-like	proteins	(MBNL),	 a	 critical	 splicing	 factor	 for	 transcripts	 relating	 to	 development.	 Reducing	 the	
3		
amount	of	free	MBNL	results	in	dysregulation	of	pre-mRNA	processing	ultimately	leading	to	cell	death.			 Although	less	well	characterized,	changes	to	RNA	structures	may	directly	contribute	to	 diseased	 states.	 Tau	 pathogenesis,	 prevalent	 in	 neurodegenerative	 diseases	 such	 as	Alzheimer’s	and	Parkinson’s,	can	result	from	mis-splicing	the	mutated	tau	pre-mRNA.	These	were	suggested	with	in	vitro	experiments	that	the	5’-splice	site	mutations	destabilized	stem	loop	features	of	RNA,	which	in	turn	increases	the	association	with	U1	snRNP	and	promotes	the	 spliced	 mature	 tau	 transcript	 (Figure	 1-2)17,18.	 These	 studies	 provide	 compelling	examples	 where	 the	 molecular	 structure	 of	 RNA	 structures	 can	 cause	 diseases	 and	 can	provide	novel	inroads	to	therapeutic	intervention	19,20.	
	
Figure	1-2.	Mutations	in	5’	Splice	Site	Increases	Ratio	of	mature	Tau	transcript.				 	Directly	assaying	RNA	structure,	especially	inside	cells,	is	quite	challenging.	In	one	example,	 the	 dynamics	 of	 RNA	 structure	 could	 have	 implications	 with	 associations	 of	different	RNA	binding	proteins.	Since	RNA	has	been	suggested	to	adopt	and	change	between	
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multiple	 structural	 states	with	 similar	 energetic	 stabilities21,	 subpopulations	 in	 RNA	 can	adopt	better	folds	that	increases	the	binding	affinity	for	RBPs.	Further,	combination	of	RBPs	on	a	single	RNA	scaffold	may	also	be	important	for	function.	Subpopulations	of	RNAs	may	also	change	their	structure	directly	through	chemical	modifications,	which	then	can	lead	to	a	novel	cellular	phenotype22.	In	one	study,	the	addition	of	N6-methyl	adenosine	was	implied	to	 change	 the	 binding	 affinity	 for	 heterogenous	 ribonucleoprotein	 particle	 (HNRNP)23,	possibly	 due	 to	 the	 destabilization	 of	 base	 pairing	 interactions	 as	 a	 result	 from	 the	modification24.	Gaining	further	insight	into	the	structural	basis	of	RNA	function	necessitates	the	development	of	robust	methods	to	probe	RNA	structure	inside	living	cells.		Studying	RNA	with	structural	biology	can	provide	highly	detailed	structural	data,	but	it	 remains	 unclear	 how	 similar	 structures	 are	 of	 an	 RNA	 inside	 and	 outside	 the	 cellular	environment.	For	instance,	X-ray	crystallography	is	one	of	the	most	powerful	techniques	to	study	RNA	structure,	with	tRNAs	being	crystallized	early	on	by	the	Rich	group	in	196825,	but	these	experiments	become	much	more	difficult	to	perform	with	larger	RNA	complexes	with	flexible	 regions.	 Even	 though	 crystallography	 methods	 have	 improved,	 along	 with	 the	advances	of	cryo-electron	microscopy26,	we	still	lack	the	ability	to	characterize	many	other	dynamic	RNAs	or	RNA	protein	complexes.	Larger	RNA	can	often	fold	into	a	stable	structure	that’s	not	biologically	relevant	in	vitro,	either	because	they	need	protein	cofactors	to	adopt	its	 functional	 fold,	 or	 have	 co-transcriptional	 folding	 landscapes27.	 In	 fact,	 nonessential	sequences	of	RNA	were	often	mutated	in	order	to	isolate	stable	compartmentalized	domains,	potentially	preventing	misfolded	states	and	maximizing	stability	to	optimize	crystallography	conditions.	 This	 generates	 a	 problem	 in	 vitro	 where	 folding	 conditions	 or	 alternative	structures	 can	 often	 destroy	 or	 bias	 the	 active	 structure	 of	 an	 RNA28.	 Without	 a	 highly	
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efficient	method	to	characterize	RNA	structure,	a	resulting	dilemma	is	the	inability	to	easily	and	directly	measure	 structure	 to	 a	 cellular	 phenotype.	 Instead,	 alternative	methods	use	genomic,	 computational,	 and	 compensatory	mutagenesis	 analysis	 to	 infer	 structure	 as	 a	cause	of	function29,30.		 For	RNA’s	that	are	either	more	dynamic,	or	difficult	to	study	with	structural	biology,	a	parallel	strategy	uses	a	set	of	tools	to	study	RNA	structure	in	vitro.	In	a	general	procedure,	these	reagents	are	able	to	mark	the	RNA	at	a	specific	structural	property.	These	properties	may	be	single	stranded,	double	stranded,	as	well	as	solvent	accessible	regions.		The	resulting	mark	 can	 be	 analyzed	 using	 electrophoresis	 using	 extension	 products	 from	 labeled	DNA	primers,	or	fragments	of	5’	labeled	RNA	(Figure	1-3,	A)31.	Enzymatic	reagents	were	adopted	early	on	using	this	methodology	to	analyze	DNA.	In	order	to	look	at	potential	protein-nucleic	acid	interfaces,	DNase	I	was	used	to	cleave	all	open	DNA	nonspecifically32.	Protections	from	protein	 binding	 would	 report	 as	 an	 overall	 decrease	 in	 digestion	 reactivity,	 forming	 a	footprint	of	the	protein	binding	site.	Biochemical	measurements	can	also	be	attained	with	binding	affinity	when	combined	with	different	titrations	of	the	protein.	Analogous	to	DNAse	I	assays,	different	ribonucleases	can	cleave	distinct	structural	motifs	with	RNA	structure.	For	example,	RNAse	T1	has	been	used	to	monitor	single	stranded	regions33,	and	RNAse	V1	can	cleave	double	stranded	RNA34.	Although	useful	for	probing	RNA	structure,	the	bulky	nature	of	ribonucleases	precludes	their	use	in	high-resolution	RNA	structure	probing.		
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Figure	1-3.	Probing	Strategy	Analyzed	using	Gel	Electrophoresis	A.	Cleavage	approaches	can	be	used	to	 fragment	5’	 labeled	RNA,	and	fragments	can	then	be	analyzed	through	gel	electrophoresis.	B.	Adduct	formation	can	also	be	detected	using	a	primer	extension	assay.	Bulky	adducts	stall	reverse	transcriptases,	leading	to	a	truncated	extension	oligonucleotide.		 Higher	 resolution	 structure	 mapping	 can	 also	 be	 accomplished	 by	 using	 small	molecules	that	have	specific	reactive	properties	to	measure	RNA	structure	(Figure	1-3,	B).	Dimethyl	sufate	(DMS)	probing	is	one	of	the	most	common	structure	reagents	used	today	for	chemical	structure	probing.	This	probe	was	first	adopted	in	Maxam-Gilbert	sequencing,	as	DMS	can	methylate	the	N7	position	of	G’s	and	subsequent	piperidine	treatment	can	generate	
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strand	cleavage	for	analysis35.	The	reagent	was	also	found	to	methylate	the	unpaired	bases	of	 adenosine	 and	 cytidine.	 Secondary	 structure	 of	 nucleic	 acids	 could	 render	 specific	residues	inaccessible	for	methylation,	so	the	reagent	was	later	repurposed	as	a	baseline	to	monitor	solution	states	of	tRNAPhe	under	different	temperatures	while	comparing	with	the	tRNA	crystal	structure36.		The	reagent	was	also	widely	instrumental	in	helping	deciphering	the	structure	of	the	ribosome	at	unpaired	Watson	Crick	adenosine’s	N1	and	cytidine’s	N3	position,	as	well	as	looking	at	binding	states	of	RNA	with	ligand	interactions37.			 Even	though	the	DMS	methodology	is	a	powerful	technique	to	study	RNA	structure,	the	structural	readout	from	DMS	is	limited	to	a	select	number	nucleic	acids.	Hydroxyl	radical	probing	 is	a	 complimentary	method	used	 for	cleavage	of	 the	sugar	backbone	 interface	of	nucleic	 acids.	 This	 technique	 utilizes	 a	 combination	 of	 H2O2,	 FeSO4,	 EDTA	 to	 generate	reactive	 radicals,	 and	 is	 able	 to	 abstract	 a	 hydrogen	 atom	 at	 C5’	 position	 of	 the	 sugar	backbone.		The	downstream	cascade	results	in	a	cleavage	product	with	a	3’	phosphate	and	a	5’	aldehyde38.	Whereas	DMS	is	an	output	on	non-based	paired	A’s	and	C’s,	hydroxyl	radicals	can	perform	 strand	 cleavage	on	 any	 sugars	blocked	by	 steric	 interactions.	Whereas	DMS	measures	unpaired	nucleobases,	the	power	of	hydroxyl	radicals	lies	in	the	ability	to	detect	RNA	solvent	accessibility.	In	this	case,	secondary	and	tertiary	folds	of	the	RNA	may	render	solvent	inaccessible	regions	which	generates	lower	reactivity.			 In-line	probing	takes	advantage	of	RNA	stability,	where	certain	RNA	structures	can	have	different	rates	of	cleavage.	The	technique	capitalizes	on	the	feature	of	2’-hydroxyl	with	a	 neighboring	 phosphate	 group,	 which	 would	 eventually	 position	 an	 in-line	 attack	 and	eventual	 phosphate	 backbone	 cleavage	 in	 flexible	 regions39.	 This	 method	 is	 useful	 for	studying	 stabilized	 RNA	 folds,	 where	 sugars	 may	 not	 have	 access	 to	 the	 optimal	
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conformation	when	bound	to	ligand.	Although	this	method	is	quite	generalizable	for	looking	at	RNA	structure,	the	timeframe	can	take	on	the	order	of	40	hours	and	have	limitations	of	studying	RNA	outside	of	the	stabilized	regions.			 In	a	similar	experiment,	selective	hydroxyl	acylation	analyzed	by	primer	extension	(SHAPE)	has	emerged	as	a	gold	standard	in	using	2’	hydroxyls	for	structure	probing40,41.	This	approach	uses	small	molecule	electrophiles	as	reagents	that	would	modify	RNA	as	a	function	of	single	stranded	reactivity,	and	resulting	adducts	are	read	through	reverse	transcription	primer	extension	 to	 reveal	 structural	 elements.	 SHAPE	measurements	have	been	used	 to	interrogate	 the	 structures	 of	 mRNAs,	 RNA	 enzymes,	 RNA	 modules	 that	 bind	 to	 small	molecules,	and	even	the	entire	HIV	RNA	transcriptome40.	The	analysis	can	be	combined	with	structure	prediction	software	to	obtain	highly	accurate	secondary	structure	models42.	Each	of	 these	 chemistries	 can	provide	 a	 set	 of	 tools	 in	 order	 to	 enrich	 our	 knowledge	of	RNA	structure.		One	advantage	of	using	fragment	based	assays	as	a	readout	is	the	ability	to	combine	structure	probing	with	deep	sequencing	to	analyze	multiple	RNAs	at	once.	In	a	conventional	structure	probing	assay,	each	experiment	is	limited	to	~100-600	nucleotides	depending	on	using	 gel	 or	 capillary	 electrophoresis.	 Access	 to	 structural	 experiments	 with	 deep	sequencing	can	generate	powerful	global	hypotheses	linking	structure	with	function.	With	next	generation	sequencing,	conventional	fragments	using	structure	specific	nucleases	has	been	cloned	to	be	compatible	with	deep	sequencing	to	measure	secondary	structure.	Parallel	analysis	 of	 RNA	 structure	 (PARS)	 is	 an	 enzymatic	 method	 to	 analyze	 RNA	 structure	transcriptome	wide43-45.	PARS	has	been	used	to	characterize	the	entire	yeast	transcriptome	
in	 vitro	 to	 understand	 the	 thermodynamic	 stabilities	 of	 RNA43-45.	 Paired	 RNA	 reveals	
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conserved	 functionality	within	 introns	and	both	5’	and	3’	untranslated	regions	 (UTRs)	of	mRNA,	as	well	as	a	novel	population	of	functional	RNAs46.	Like	structural	biology,	most	of	these	enzymatic	and	chemical	approaches	can	only	be	performed	in	vitro.	One	of	the	major	challenges	today	is	to	directly	monitor	RNA	structure	inside	 cells.	 Intracellularly,	 RNA	 structure	 can	 be	 influenced	 by	 a	 combination	 of	transcription,	local	solution	conditions,	binding	of	small	molecules,	and	interactions	with	the	numerous	RBPs47,48.	There	are	a	wide	variety	of	tools	to	probe	in	vitro	structure	and	function,	but	 our	 techniques	 are	 still	 severely	 limited	 for	 in	 cellulo	 measurements.	 Spectroscopic	methods	and	 to	a	certain	extent,	 cryo-electron	microscopy,	 require	a	purified	complex	 in	order	 to	 gain	 detailed	 structural	 information,	which	 neglects	 the	 diverse	 nature	 of	 these	biomolecules	in	native	conditions49,50.		Even	though	enzymatic	cleavage	methods	are	not	amenable	to	diffuse	inside	cells	for	probing	 experiments,	 fragment	 based	 approaches	 from	 small	 molecules	 is	 a	 compelling	alternative	 for	 in	 cell	 structure	 probing.	 Chemical	 structure	 probing	 is	 a	 very	 promising	avenue	for	in	cellulo	structure	analysis,	since	reagents	can	be	tuned	for	both	cell	penetration	and	reactivity.	DMS	was	one	of	the	first	reagents	to	be	successfully	utilized	inside	cells	due	to	its	high	reactivity	and	high	solubility.	Two	reports	were	published	using	DMS	for	in	cell	structure	 probing	 transcriptome	wide51,52.	 Like	 enzymatic	 probing,	 reverse	 transcription	products	 were	 isolated	 and	 cloned,	 and	 cDNA	 counts	 were	 then	 mapped	 back	 to	 the	transcriptome	 to	 calculate	 structure	 profiles.	 In	 both	 studies,	 reactivity	 inside	 cells	were	shown	 to	 be	 different	 than	 the	 profile	 in	 vitro.	 Intriguingly,	 predicted	 thermostable	RNA	structures	were	observed	to	be	denatured	in	cells,	suggesting	a	mechanism	that	RNAs	are	constantly	remodeled	by	RBPs	and	helicases.	In	one	instance,	energy-dependent	processes	
10		
under	ATP-depleted	conditions	strongly	contribute	to	the	predominantly	unfolded	state	of	mRNAs	inside	cells51.	Stress	responses	can	also	lead	to	increase	in	measured	single	stranded	regions,	 where	 cellular	 features	 may	 allow	 RNAs	 to	 undergo	 conformational	 changes	 in	response	to	environmental	cues52.		Although	DMS	was	amenable	to	in	cell	probing,	the	method	only	serves	to	analyze	one	type	 of	 structural	 motif.	 SHAPE	 chemistries’	 shorter	 half-lives	 and	 lower	 solubility40	originally	limited	their	ability	to	be	used	inside	cells.	SHAPE	electrophiles	are	approximately	10-fold	less	soluble	than	DMS,	which	is	used	to	probe	RNA	structure	in	cells	at	greater	than	200	mM	final	concentration.	The	environment	inside	a	cell	complicates	these	experiments	because	of	the	competing	nature	of	electrophiles.	Proteins,	nucleic	acid	polymers,	and	even	nucleotide	triphosphates,	which	can	have	concentrations	of	2	µM-8	mM,	can	compete	with	SHAPE	reactions.	To	overcome	these	obstacles,	there	are	recently	reported	the	design	and	utilization	of	SHAPE	reagents	capable	of	targeting	RNA	structure	probe	in	living	cells53.	One	SHAPE	 electrophile,	 2-methylnicotinic	 acid	 imidazolide	 (NAI),	 reads	 RNA	 structure	 with	similar	 efficacy	 to	 the	 canonical	 SHAPE	 electrophiles.	 The	 heteroatoms	were	 included	 in	aromatic	rings	to	increase	solubility,	and	adjacent	methyl	groups	are	able	to	tune	reactivity	by	 causing	 a	 twist	 to	 the	 carbonyl	 groups.	 These	 reagents	 acylate	 the	 2’OH	 in	 the	 same	manner	as	previously	used	SHAPE	reagents,	in	which	reactivity	is	gated	by	the	flexibility	of	the	internucleotide	linkage	and	the	2’OH	proximity	to	the	negatively	charged	backbone.				 Like	 DMS	 probing,	 SHAPE	 has	 been	 adapted	 to	 deep	 sequencing	methodology	 by	cloning	 cDNA	 stops.	 SHAPE-Seq	 adds	 onto	 this	 approach	 by	 combining	 high	 throughput	sequencing	along	with	computational	folding	algorithms	to	help	decipher	relevant	structural	differences	 between	 in	 vitro	 and	 in	 cellulo.	 Identified	 RT	 stops	 are	 analyzed	 based	 on	 a	
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maximum	 likelihood	 model	 of	 the	 SHAPE-Seq	 experiment.	 These	 reports	 are	 in	 good	agreement	 with	 manual	 footprinting	 experiments,	 demonstrating	 the	 ability	 of	 these	methods	to	accurately	model	secondary	structures	even	in	high-throughput	manner54.	The	combined	efforts	of	biochemical	and	computational	techniques	can	be	powerful	to	generate	functional	models	of	RNA	structures	inside	the	cell.		 Even	 though	 cDNA	 can	 be	 cloned	 from	 combining	 chemical	 probing	 with	 deep	sequencing,	the	low	reactivity	of	current	small	molecules	on	RNA	presents	a	major	obstacle	for	 deep	 sequencing	 analysis.	 In	 a	 typical	 chemical	 probing	 experiment,	 the	 majority	 of	cDNAs	 generated	 by	 reverse	 transcription	 travel	 along	 the	 entirety	 of	 the	 RNA	 length	without	being	stalled	by	a	modification.	The	low	proportion	of	RNA	being	modified	therefore	generates	a	high	amount	of	background	due	to	“full	 length”	cDNA	being	 included	as	 false	positives	in	the	analysis	for	RT	stops.		Recently,	 reports	 of	 a	 novel	 SHAPE	 reagent	 was	 designed	 to	 overcome	 this	 large	hurdle	in	cDNA	library	generation.	In	this	report,	NAI	was	derivatized	with	an	azide	handle	that	 permits	 functionalization	by	 click	 chemistry55.	 The	 extra	 function	 group	 enables	 the	purification	 of	 acylated	 RNA,	 which	 can	 remove	 unwanted	 unmodified	 RNA	 through	stringent	salt	washes.	This	enriched	population	of	RNA	is	then	reverse	transcribed,	and	all	cDNA	 fragments	 would	 be	 a	 result	 of	 bona	 fide	 RNA	 acylation	 stops.	 This	 approach	significantly	increases	the	signal-to-noise	ratio	of	RNA	structure	probing,	which	allows	for	more	in	depth	analysis	of	genome-wide	measurements	of	RNA	structure.	In	vivo	click	SHAPE	(icSHAPE)	has	the	advantage	of	modifying	all	 four	nucleotides	compared	to	DMS,	and	the	study	utilized	this	advantage	along	with	the	enhance	in	signal	to	 identify	novel	structural	elements	at	ribosome	pausing	sites.	icSHAPE	has	also	been	validated	with	binding	protein	
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interactions	such	as	RBFOX.	The	study	further	demonstrates	the	power	of	deep	sequencing	by	 determining	 different	 structure	 signatures	 based	 on	 protein	 binding	 sites,	 as	 well	 as	potentially	revealing	new	structural	mechanisms	at	N6-methyl	adenosine	(m6a)	sites.			 Chemical	 probing	 is	 a	 promising	 approach	 for	 measuring	 the	 complex	 structures	inside	cells.	These	methods	are	amenable	to	high-throughput	sequencing,	which	carries	the	power	 to	 analyze	 RNA	 structure	 globally,	 but	 suffers	 in	 only	 detecting	 specific	 motifs	pertaining	 to	 the	 chemistry.	 DMS	 and	 SHAPE	 are	 two	 popular	 chemical	 strategies	 for	 in	
cellulo	RNA	structure,	but	only	offer	information	on	single	stranded	or	base	paired	regions.	Motifs	 such	 as	 solvent	 accessibility	 using	 hydroxyl	 radicals	 are	 not	 amenable	 to	 in	 cell	experiments	 without	 the	 help	 of	 a	 synchrotron	 source56.	 Further	 exploration	 on	 other	chemical	properties	is	necessary	in	order	to	complement	existing	approaches	inside	cells.		In	 the	 first	 part	 of	my	 dissertation,	 2-methyl-3-furoic	 acid	 imidazolide	 (FAI),	 was	biochemically	demonstrated	 to	have	more	stable	adducts	compared	to	 the	current	 in-cell	shape	reagent,	2-methylnicotinic	acid	imidazolide	(NAI).	The	FAI	scaffold	can	also	produce	robust	modification	 signatures	 inside	 cells.	 The	 changes	 in	 the	 chemistry	 can	 ultimately	bolster	 the	 signal	 to	noise	 ratio	 as	 the	 reagent	 can	 survive	 subsequent	high	 temperature	steps	found	in	conventional	deep	sequencing	protocols.	In	the	second	part	of	my	thesis	work,	I	helped	develop	small	molecules	to	measure	solvent	accessibility	inside	cells.	This	uses	a	novel	chemistry	with	light-activated	nicotinoyl	azide	(NAz)	which	can	then	use	activated	nitreniums	to	form	covalent	adducts	with	the	C8	position	on	adenosine	and	guanosine	bases.	This	approach,	also	known	as	Light	Activated	Structural	Examination	of	RNA	(LASER),	was	demonstrated	to	measure	solvent	accessibility	of	RNA-ligand	conformations	 in	vitro	as	well	RNA-protein	interactions	inside	cells.	LASER	
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was	further	integrated	to	analyze	in	both	structure	stops,	and	structure	induced	mutations	(MaP)57	approach	to	analyze	larger	RNA	complexes	such	as	reconstituted	ribosomal	RNA.	The	NAz	scaffold	can	also	be	modified	to	contain	an	azide	functionality,	and	this	method	was	used	in	conjunction	with	icSHAPE	reagents	to	measure	RNA	structure	transcriptome	wide.	These	new	techniques	will	bolster	our	current	number	of	RNA	toolkits	for	in	vivo	structure	analysis.																		
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Chapter	2:	Comparative	Analysis	Reveals	Furoyl	in	Vivo	
Selective	 Hydroxyl	 Acylation	 Analyzed	 by	 Primer	
Extension	Reagents	Form	Stable	Ribosyl	Ester	Adducts.	
Publication	note	
This	paper	was	originally	published	in	the	Biochemistry.	Dalen	 Chan,	 Chao	 Feng,	 Yuran	 Zhen,	 Ryan	 A.	 Flynn,	 and	 Robert	 C.	 Spitale.	 Comparative	Analysis	Reveals	Furoyl	in	Vivo	Selective	Hydroxyl	Acylation	Analyzed	by	Primer	Extension	Reagents	Form	Stable	Ribosyl	Ester	Adducts.	Biochemistry	56,	1811-1814	(2017).	Copyright	©	2017	American	Chemical	Society		
2.1	Contribution	Statement	
Dalen	Chan,	Ryan	Flynn,	Yuran	Zhen	helped	perform	all	biology	gel	shift	experiments.	Dalen	Chan	 performed	 chemical	 probing	 assays.	 FAI	 and	NAI	was	 synthesized	 by	 Chao	 Feng,	 a	postdoctoral	scholar	in	the	laboratory.	All	authors	contributed	to	writing	the	manuscript.	RNA	molecules	depend	on	structural	elements	that	are	critical	for	cellular	function.			
2.2	Abstract	
Chemical	 methods	 for	 probing	 RNA	 structure	 have	 emerged	 as	 a	 necessary	component	 of	 characterizing	 RNA	 function.	 As	 such,	 understanding	 the	 limitations	 and	idiosyncrasies	of	these	methods	is	essential	for	their	utility.	Selective	hydroxyl	acylation	has	
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emerged	as	a	common	method	for	analyzing	RNA	structure.	Ester	products	as	a	result	of	2′-hydroxyl	 acylation	 can	 then	 be	 identified	 through	 reverse	 transcription	 or	 mutational	enzyme	 profiling.	 The	 central	 aspect	 of	 selective	 hydroxyl	 acylation	 analyzed	 by	 primer	extension	(SHAPE)	experiments	is	the	fact	that	stable	ester	adducts	are	formed	on	the	2′-hydroxyl.	 Despite	 its	 importance,	 there	 has	 not	 been	 a	 direct	 comparison	 of	 SHAPE	electrophiles	for	their	ability	to	make	stable	RNA	adducts.	Herein,	we	conduct	a	systematic	analysis	 of	 hydrolysis	 stability	 experiments	 to	 demonstrate	 that	 furoyl	 imidazole	 SHAPE	reagents	form	stable	ester	adducts	even	at	elevated	temperatures.	We	also	demonstrate	that	the	acylation	reaction	with	the	furoyl	acylimidaole	SHAPE	reagent	can	be	controlled	with	dithiothreitol	 quenching,	 even	 in	 live	 cells.	 These	 results	 are	 important	 for	 our	understanding	of	the	biochemical	details	of	the	SHAPE	experiment.		
2.3	Introduction	
RNA	molecules	 can	 perform	 a	myriad	 of	 functions	 to	 control	 normal	 and	 disease	physiology1.	The	ability	of	RNA	to	form	into	extensive	secondary	and	tertiary	structures	is	critical	to	its	function	inside	cells2,3.	Several	biochemical	methods	have	been	developed	to	measure	RNA	structure.	Early	attempts	used	RNase	enzymes,	which	would	recognize	and	cleave	RNA	single	and	double	stranded	motifs4.	More	recently,	chemical	probes	have	been	utilized	to	analyze	and	interpret	RNA	structure,	dynamics,	and	RNA	interactions	with	trans-acting	RNAs	and	proteins5,6.	We	can	gain	a	deeper	understanding	of	these	reagents	by	studying	the	chemical	properties	of	adducts	formed	with	RNA.	
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Selective	hydroxyl	acylation	analyzed	by	primer	extension	(SHAPE)	probing	(Figure	
2-1)	is	a	promising	avenue	for	measuring	RNA	structure	transcriptomic	wide	inside	cells.	However,	 understanding	 the	 properties	 of	 these	 electrophiles	 is	 necessary	 for	 the	development	of	SHAPE	probes.	For	example,	alterations	to	the	leaving	group	or	the	group	attached	after	adduct	formation	can	alter	the	rate	of	reactivity7.	Additionally,	recent	evidence	has	 demonstrated	 that	 the	 solubility	 and	 reactivity	 of	 SHAPE	 reagents	 are	 vital	 for	 their	utility	within	living	cells8.	
	
Figure	2-1.		The	SHAPE	reaction.					 Despite	 the	 large	 amount	 of	work	done	 on	understanding	what	 governs	 acylation	adduct	formation,	almost	nothing	is	currently	known	about	the	stability	of	SHAPE	adducts.	For	 example,	 the	 instability	 of	 SHAPE	 adducts	 may	 alter	 the	 reactivity	 profile	 for	conventional	structure	probing.	A	more	thorough	analysis	of	such	properties	is	imperative	for	understanding	the	limitations	of	SHAPE.	Recently	developed	SHAPE	protocols	merged	with	 deep	 sequencing	 expose	 modified	 RNA	 to	 several	 heating	 and	 annealing	 steps	 for	library	generation;	as	such,	the	stability	of	SHAPE	adducts	under	such	conditions	would	be	highly	informative.	Further	exploration	of	the	stability	of	SHAPE	esters	may	assist	in	ongoing	efforts	to	identify	the	best	SHAPE	reagent	for	in-cell	applications.  In	 this	 work,	 we	 compare	 the	 ester	 stability	 of	 three	 SHAPE	 reagents:	 (1)	 N-methylisotoic	 anhydride	 (NMIA),	 (2)	 nicotinoyl	 acylimidazole	 (NAI),	 and	 (3)	 furoyl	
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acylimidazole	(FAI)	(Figure	2-2,	A).	We	chose	 to	 focus	on	these	 three	because	NMIA	has	been	suggested	to	form	very	stable	esters	because	of	the	donation	of	an	electron	from	the	adjacent	amide	bond9;	 such	 stability	makes	NMIA	a	 stable	benchmark.	NAI	and	FAI	have	markedly	 different	 SHAPE	 acylation	 kinetics	 because	 of	 the	 electron	 withdrawing	 or	donating	properties	of	their	aromatic	rings.	Lastly,	the	NAI	and	FAI	acyl	imidazole	scaffolds	have	 been	 recently	 demonstrated	 to	 function	 in	 living	 cells	 and	 have	 been	 used	 for	sequencing-based	RNA	structure	measurements8,10,11.		
2.4	Results	and	Discussion	
SHAPE	 electrophile−ATP	 adducts	 were	 isolated	 and	 their	 hydrolytic	 stability	 was	tested	under	a	variety	of	conditions	(Figure	2-2,	B).	Deacylation	was	monitored	by	a	gel	shift	assay	under	different	temperature	conditions	37,	52,	and	95	°C.	These	temperatures	are	all	utilized	in	conventional	SHAPE	structure	probing	by	reverse	transcription.	Additionally,	they	also	all	represent	conditions	used	for	RNA	sequencing	library	construction	after	SHAPE	ester	formation8,10,12.	 The	 recent	 extension	 of	 RNA	 structure	 probing	 to	 be	merged	with	 deep	sequencing	relies	on	extensive	manipulation	of	RNA	after	isolation	from	chemical	probing	experiments.	Once	isolated,	RNA	is	taken	through	many	steps	before	reverse	transcription	and	the	production	of	a	stable	cDNA.	For	example,	RNA	fragmentation	is	performed	at	95	°C.	Linker	 ligation	 has	 an	 annealing	 temperature	 of	 ∼90	 °C,	 and	 then	 linker	 ligation	 can	 be	performed	 at	 elevated	 temperatures	 to	 prevent	 secondary	 structure	 interference.	 RNA	annealing	before	reverse	transcription	(RT)	is	performed	at	95	°C,	and	then	RT	is	performed	at	 52	 °C.	 As	 such,	 there	 are	 several	 annealing	 and	 enzymatic	 steps,	 each	 of	 which	 is	performed	at	a	high	temperature.		
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Figure	2-2.	SHAPE	Electrophiles’	Profiles	for	Ester	Stability.	A.	Chemical	structures	of	SHAPE	electrophiles	used	in	this	study.	B.	Schematic	of	the	ATP	acylation	and	stability.	C.	Hydrolysis	time-courses	for	all	conditions	tested	in	this	study.	
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Overnight	incubation	at	4	°C	with	NMIA	and	NAI	in	a	neutral	buffer	revealed	some	ester	hydrolysis	(Figure	2-2,	C,	Figure	2-S1).	In	contrast,	FAI	did	not	show	appreciable	ester	hydrolysis.	 Incubation	of	all	adducts	at	37	°C	showed	that	NMIA	and	FAI	are	quite	stable	(∼5%	hydrolysis),	but	NAI	exhibits	significant	hydrolysis	(10%)	over	time.	Comparison	at	52	°C	(temperature	of	reverse	transcription)	yielded	results	similar	to	those	at	37	°C,	with	all	 esters	 having	 an	 increased	 extent	 of	 hydrolysis	 (NAI	 ∼	 20%	 after	 4	 min).	 Lastly,	 a	comparison	 of	 ester	 stability	was	 compared	 at	 95	 °C,	 a	 temperature	 used	 repeatedly	 for	annealing	of	RNA	over	several	steps,	 including	reverse	transcription,	primer	binding,	and	also	linker	ligation.	Within	only	1.5	min	of	incubation,	∼40%	of	the	NAI	ester	adducts	had	been	 hydrolyzed	 (Figure	 2-2,	 C).	 In	 contrast,	 NMIA	 products	 exhibited	 only	 ∼15%	hydrolysis,	and	FAI	suffers	only	∼10%	hydrolysis	under	the	same	condition.	These	results	are	 critical	 for	 understanding	 the	 stability	 properties	 of	 SHAPE	 reagents	 and	 also	demonstrate	 that	NAI,	 a	 commonly	used	reagent	 for	 in	 vitro	 and	 in	 vivo	 SHAPE,	 is	highly	susceptible	 to	 hydrolysis	 under	 a	wide	 variety	 of	 conditions.	 Furthermore,	 these	 results	indicate	that	FAI	forms	the	most	stable	ester	adducts	with	RNA.	
Further	inspection	of	the	formed	ester	product	and	comparison	of	the	three	SHAPE	reagents	 tested	 herein	 provide	 some	 insight	 into	 why	 there	 may	 be	 differences	 in	 the	hydrolysis	 (Figure	 2-S2).	 NMIA	 forms	 a	 stable	 ester	 adduct,	 and	 an	 adjacent	 amine	 can	donate	electron	density	to	the	carbonyl	carbon	through	a	resonance	structure.	In	contrast,	NAI	has	a	highly	electron-withdrawing	substituent	in	the	pyridine	ring,	which	results	in	a	less	stable	adduct.	Similar	to	NMIA,	the	furan	ring	in	FAI	can	donate	a	significant	amount	of	electron	density	to	the	carbonyl	carbon.	The	lone	pair	of	electrons	on	the	oxygen	atom	of	furan	is	in	conjugation	with	the	π-bond	of	the	carbonyl	group.	Considering	the	design	of	these	
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reagents	 is	 therefore	 critical	 for	understanding	 their	 reactivity	 and	also	 stability	once	an	ester	is	formed	with	a	nucleotide.	
	
Figure	2-3.	Establishing	Robust	SHAPE	Conditions	for	FAI.	A.	DTT	quenches	FAI	SHAPE	reactivity	B.	NAI	and	FAI	have	very	similar	acylation	profiles	in	vitro.	C.	DTT	can	quench	FAI	activity	in	living	cells.	
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The	observation	that	a	furoyl	SHAPE	reagent	forms	the	most	stable	ester	products	implored	us	to	revisit	an	experimental	outline	for	its	use	in	RNA	structure	probing.	Because	the	 halflife	 of	 FAI	 in	 solution	 was	 previously	 measured	 to	 be	 73	 min,	 the	 addition	 of	 a	quencher	would	grant	us	 complete	 control	over	 structure	probing.	Thiol	quenchers	have	been	 used	 for	 decades	 as	 part	 of	 RNA	 structure	 probing	 experiments12	 and	 should	 be	smoothly	implemented	for	SHAPE.	
The	 ability	 of	 NAI	 to	 have	 its	 reactivity	 quenched	 through	 thioesterification	with	dithiothreitol	(DTT),	a	commonly	used	thiol	quencher,	has	been	shown	previously12.	FAI	is	also	quenched	with	the	addition	of	1	molar	equivalent	of	DTT	and	thus	prevents	acylation	of	FAI	 with	 ATP	 (Figure	 2-3,	 A).	 Preincubation	 of	 DTT	 before	 FAI	 addition	 results	 in	 no	measurable	acylation.	Furthermore,	addition	of	DTT	gives	more	precise	control	for	acylation	as	we	observed	an	increasing	level	of	adduct	formation	over	time.	Furthermore,	addition	of	DTT	gives	more	precise	control	for	acylation	as	we	observed	increasing	adduct	formation	with	increasing	time.	(a	similar	trend	was	observed	with	NMIA	and	FAI;	Figure	2-S3).	
FAI	is	also	capable	of	measuring	RNA	structure	in	the	same	way	as	NAI,	the	acylation	reagent	used	for	many	in	vitro	and	in	vivo	RNA	structure	studies	(Figure	2-3,	B).	Lastly,	FAI	SHAPE	reactivity	should	be	quenched	inside	living	cells.	In	this	experiment,	cells	were	either	preincubated	with	DTT,	followed	by	the	addition	of	FAI	to	the	medium,	or	FAI	was	added	and	the	mixture	incubated	for	several	minutes,	followed	by	DTT	(Figure	2-3,	C).	These	results	demonstrate	that	DTT	is	capable	of	quenching	the	FAI	acylation	reaction	with	RNA.		We	also	assessed	ester	stability	in	a	mimic	of	cellular	conditions.	In	such	a	case,	the	concentration	of	the	acylation	electrophile	is	much	higher	than	the	RNA	concentration.	We	
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incubated	ATP	with	each	of	the	SHAPE	electrophiles	and	then	added	high	concentrations	of	DTT	 to	 the	 reaction	 mixtures.	 After	 long	 incubations,	 the	 reactions	 were	 resolved	 by	denaturing	electrophoresis,	revealing	that	a	large	portion	of	the	ATP	remained	acylated.	This	result	suggests	that	the	SHAPE	reaction	has	stable	acylations	under	conditions	in	which	the	electrophiles	are	in	great	excess	(Figure	2-S4).	The	important	difference	here	is	that	once	the	 acylated	 adduct	 is	 isolated	 it	 can	 become	 hydrolyzed	 (similar	 to	 when	 the	 RNA	 is	isolated).	Overall,	these	data	demonstrate	that	FAI	acylation	reactivity	can	be	controlled	with	DTT	quenching,	and	it	should	thus	make	for	a	robust	protocol	for	utilizing	FAI	for	stable	2′-OH	ester	adducts.		
2.5	Conclusion	
Herein,	we	have	performed	 the	 first	 evaluation	of	 SHAPE	probe	 stability	 after	 the	acylation	reaction.	Such	evaluations	are	 rare,	as	most	of	 the	 focus	 is	placed	on	 the	 initial	reaction	 in	 structure	 probing.	 However,	 it	 is	 vitally	 important	 to	 fully	 understand	 how	structure	probing	reagents	react	with	RNA	and	in	what	ways	the	final	product	can	be	altered	by	RNA	manipulation	after	the	reaction.	The	observation	that	furoyl	SHAPE	reagents	form	stable	 adducts	 after	 acylation	 suggests	 this	 scaffold	 may	 be	 better	 suited	 for	 structure	probing	analysis	of	acylation	products,	and	that	FAI	adducts	can	survive	many	of	the	steps	necessary	for	more	complex	procedures	of	RNA	handling	and	processing,	such	as	sequencing	library	construction.	As	such,	we	have	performed	a	more	comprehensive	analysis	of	its	use	and	 how	 to	 control	 FAI	 SHAPE	 reactions	 with	 quenching.	 We	 anticipate	 that	 the	 furoyl	scaffold	will	now	be	more	widely	used	and	will	serve	as	a	design	starting	point	for	additional	SHAPE	reagents	and	even	those	used	in	transcriptome-wide	analysis	of	RNA	structure.	
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2.6	Methods	
Characterization	of	ATP	deacetylation.		Radiolabeled	 ATP	 was	 incubated	 with	 each	 SHAPE	 electrophile	 for	 2	 hours	 at	 desired	concentration	 (100	 mM	 NAI	 and	 FAI;	 13	 mM	 NMIA)	 in	 100	 mM	 HEPES	 buffer,	 pH	 8.0,	containing	6	mM	MgCl2	and	100	mM	NaCl.	Reaction	was	incubated	at	37	°C	until	the	indicated	time,	and	S4	then	placed	on	ice.	Products	were	resolved	on	15%	native	polyacrylamide	gel.	(29:1	 acrylamide	 and	 bisacrylamide	 and	 1%	 Tris-borate-EDTA	 (TBE))	 and	 visualized	 by	phosphorimaging	 (Typhoon,	GE	healthcare).	ATP	 supershifts	were	 identified	 and	 excised	and	gel	slices	were	crushed	and	added	to	buffer	containing	a	solution	of	1X	SDS	(pH	7.2)	with	10	mM	 EDTA	 and	 incubated	 overnight	 at	 4	 °C.	 The	 following	 day,	 ATP	 conjugates	were	isolated	by	spinning	down	gel	slices	and	decanting	the	supernatant.	ATP	conjugates	were	precipitated	with	20	µL	of	 3	M	 sodium	acetate	buffer	 (pH	5.2)	 and	1	µL	of	 glycogen	 (20	µg/µL).	Pellets	were	washed	twice	with	70%	ethanol	and	resuspended	in	5	µL	RNase-free	water.			For	deacylation	reactions,	ATP	conjugates	 (1,000	cpm)	were	added	 to	10	µL	of	ultrapure	RNase-free	 water.	 Ultrapure	 water	 was	 chosen	 as	 it	 has	 low	 variation	 of	 pH	 with	temperature,	in	comparison	to	buffers.	The	reactions	were	incubated	at	appropriate	times	and	 temperatures	 and	 the	 reactions	 were	 stopped	 by	 placing	 the	 solutions	 on	 ice	 for	immediate	loading	into	the	gels.					
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Demonstrating	SHAPE	reactivity	with	DTT	quench.		Radiolabeled	ATP	was	incubated	with	each	SHAPE	electrophile	with	procedures	described	above	 at	 a	 final	 concentration	 of	 100	mM	NAI,	 300	mM	 FAI,	 or	 12	 µM	NMIA.	 Following	addition	of	each	SHAPE	electrophile,	the	reaction	was	incubated	at	37	°C	until	the	indicated	time.	An	aliquot	of	reaction	was	removed	and	quenched	 in	either	an	equal	volume	of	Gel	Loading	Buffer	II	(Ambion,	Inc.),	or	Gel	Loading	Buffer	II	supplanted	with	666	mM	DTT	to	a	final	concentration	of	333	mM	DTT.	For	the	pre-incubation	control,	the	SHAPE	electrophile	was	added	to	a	solution	of	Gel	Loading	Buffer	II	supplanted	with	666	mM	DTT.	Products	were	resolved	on	28%	native	polyacrylamide	gel	and	visualized	by	phosphorimaging.			
Characterization	Stability	of	ATP	adducts	in	the	presence	of	BME.		Radiolabeled	ATP	was	incubated	with	each	SHAPE	electrophile	with	procedures	described	above	 at	 a	 final	 concentration	 of	 100	mM	NAI,	 300	mM	FAI,	 or	 12	mM	NMIA.	 Following	addition	of	each	SHAPE	electrophile,	the	reaction	was	incubated	for	1	h	at	37	°C	with	an	equal	volume	of	water	or	with	a	final	concentration	of	5	mM	of	b-mercaptoethanol.	Products	were	resolved	on	a	28%	native	polyacrylamide	gel	and	visualized	by	phosphorimaging.			
Characterization	of	NAI	and	FAI	reactivity	with	RNA.		Reverse	Transcription	primer	used	for	Human	18s	rRNA:			5’	–	AAAGCCTACAGCACCCGGTAT	–	3’			
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Acylation	of	RNA	in	vitro.	In	a	typical	in	vitro	modification	protocol,	5	µg	total	RNA	(isolated	from	HeLa	cells)	was	heated	in	6	µL	metal-free	water	for	2	min	at	95	°C.	The	RNA	was	then	flash	cooled	on	ice.	3	µL	of	3×	SHAPE	buffer	(333	mM	HEPES,	pH	8.0,	20	mM	MgCl2	and	333	mM	NaCl)	was	added,	and	the	RNA	was	allowed	to	equilibrate	at	37	°C	for	5	min.	To	this	mixture,	1	µL	of	3	M	FAI	or	1	M	NAI	in	DMSO	(+)	or	DMSO	alone	(−)	was	added.	The	reaction	was	permitted	to	continue	until	the	desired	time.	Reactions	were	extracted	once	with	acid	phenol	and	chloroform	(pH	4.5	±	0.2	(s.d.))	and	twice	with	chloroform.	RNA	was	precipitated	with	20	µL	of	3	M	sodium	acetate	buffer	(pH	5.2)	and	1	µL	of	glycogen	(20	µg/µL).	Pellets	were	washed	twice	with	70%	ethanol	and	resuspended	in	5	µL	RNase-free	water.		
	
Acylation	 of	 RNA	 in	 HeLa	 cells.	 HeLa	 cells	 were	 grown	 in	 DMEM	 (high	 glucose)	 culture	medium	supplemented	with	10%	FBS,	1%	penicillin	streptomycin.	Cells	were	washed	three	times	 with	 S5	 Dulbecco’s	 phosphate-buffered	 saline	 (DPBS)	 and	 then	 scraped	 and	 spun	down	at	1000	r.p.m.	 for	5	min.	Cells	(~3-6	x	107)	were	resuspended	in	45	µL	DPBS.	5	µL	DMSO	(-),	10%	final	concentration	or	5	µL	10x	electrophilic	stock	in	DMSO	(+)	was	added	to	the	desired	final	concentration.	Cell	suspensions	were	incubated	at	37	°C	for	10	min.	Cells	were	pelleted	by	centrifugation	at	1000	r.p.m.	 for	5	min	and	resuspended	 in	1	mL	Trizol	Reagent.	RNA	was	harvested	using	Trizol	Reagent	following	the	manufacturer’s	instructions.			
DTT	Pre-Quench	of	Acylation	in	HeLa	Cells.	HeLa	cells	were	grown	and	prepared	as	described	above.	Cells	(~3-6	x	107)	were	resuspended	with	30	µL	DPBS.	To	the	cells,	15	µL	of	DPBS	(-)	or	3	M	DTT	in	water	was	added.	Cells	were	incubated	at	r.t.	for	5	min,	then	5	µL	of	DMSO	(-),	or	10x	electrophilic	stock	in	DMSO	(+)	was	added	to	the	solution.	Cells	were	incubated	at	37	
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°C	for	10	min.	Cells	were	pelleted	by	centrifugation	at	1000	r.p.m.	for	5	min	and	resuspended	in	 1	 mL	 Trizol	 Reagent.	 RNA	 was	 harvested	 using	 Trizol	 Reagent	 following	 the	manufacturer’s	instructions.		
Reverse	 transcription	of	modified	RNA	 (in	 vitro	and	 in	 vivo).	 32P-end-labeled	DNA	primers	were	annealed	 to	modified	RNA	by	 incubating	95	°C	 for	 two	minutes,	 then	25	°C	 for	 two	minutes,	and	4	°C	for	2	minutes.	To	the	reaction,	first	strand	buffer,	DTT,	and	dNTP’s	were	added.	The	reaction	was	preincubated	at	52°C	for	1	min,	then	superscript	III	(2	units/µL	final	concentration)	was	added.	Extensions	were	performed	for	15	min.	To	the	reaction,	sodium	hydroxide	was	added	to	a	final	concentration	of	400	mM	and	allowed	to	react	for	5	min	at	95	°C.	 The	 resulting	 complementary	 DNA	 (cDNA)	 was	 snapped	 cooled	 on	 ice,	 and	 ethanol	precipitated	 according	 to	 above	 procedures.	 Purified	 cDNA	was	 resuspended	 in	 2	 µL	 of	nuclease-free	 water	 and	 2	 µL	 of	 Gel	 Loading	 Buffer	 II	 was	 added.	 cDNA	 products	 were	resolved	on	10%	denaturing	polyacrylamide	gel,	and	visualized	by	phosphorimaging.											
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2.7	Supplementary	Data	
	
Figure	2-S1.	Integration	of	the	Bands	Represented	in	Figure	2-2	
	
Figure	2-S2.	Chemical	Structures	of	Acylation	Products.	
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Figure	2-S3:	NAI	and	NMIA	Quenching	with	DTT	A.	ATP	gel	shift	using	NAI	along	with	preincubation	of	DTT	quencher.	B.	ATP	gel	shift	using	NMIA	along	with	preincubation	of	DTT	quencher	
	
Figure	2-S4:	Stability	of	NMIA-,	NAI-,	and	FAI-	Esters	in	the	Presence	of	DTT.	
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Chapter	3:	Facile	Synthesis	and	Evaluation	of	a	Dual	
Functioning	Furoyl	Probe	for	in-cell	SHAPE	
Publication	note	
This	paper	was	originally	published	in	the	Bioorganic	&	Medicinal	Chemistry	Letters.	Dalen	 Chan,	 Samantha	 Beasley,	 Yuran	 Zhen,	 and	 Robert	 C.	 Spitale.	 Facile	 Synthesis	 and	Evaluation	of	a	Dual	Functioning	Furoyl	Probe	for	in-cell	SHAPE	Bioorganic	Med.	Chem.	Lett.	
28,	601-605	(2018).		Copyright	©	2018	Elsevier	B.V.		
3.1	Contribution	Statement	
The	synthesis	of	FAI	and	FAI	biotin	was	provided	by	Samantha	Beasley,	a	graduate	student	in	the	Spitale	lab.	U1	construct	was	graciously	donated	from	the	Hertel	lab.	Yuran	Zhen	and	Dalen	Chan	ran	all	biochemical	experiments.			
3.2	Abstract	
RNA	molecules	can	perform	a	myriad	of	functions,	from	the	regulation	of	gene	expression	to	providing	the	genetic	blueprint	for	protein	synthesis.	Characterizing	RNA	expression	dynamics,	in	a	cell-specific	manner,	still	remains	a	great	challenge	in	biology.	Herein	we	present	a	new	set	of	protected	alkynyl	nucleosides	for	cell-specific	metabolic	labeling	of	RNA.	We	anticipate	these	analogs	will	find	wide	spread	utility	toward	the	goal	of	
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understanding	RNA	expression	in	complex	cellular	and	tissue	environments,	even	within	living	animals.		
3.3	Introduction	
RNA	molecules	can	be	found	at	the	heart	of	many	normal	biological	pathways	and	are	key	players	in	the	onset	of	many	diseases1.	For	proper	function,	RNA	molecules	must	fold	into	complex	secondary	and	even	tertiary	structures2,3.		Several	 chemical	methods	 have	 been	 developed	 for	 analyzing	 RNA	 structure.	 For	example,	dimethyl	sulfate	(DMS)	can	alkylate	A	and	C	residues	not	involved	in	Watson-Crick	pairing4,5.	Selective	hydroxyl	acylation	analyzed	by	primer	extension,	or	SHAPE,	reveals	the	internucleotide	flexibility	in	RNA	by	2’-OH	acylation.	SHAPE	reactions	form	ester	adducts	on	the	2’-OH	(Figure	3-1)6	which	is	accomplished	by	incubation	with	acylation electrophiles	such	as	anhydrides6,	acyl	cyanides7, and	more	recently	acyl	imidazole	reagents8.	A	 key	 aspect	 of	 SHAPE	 is	 the	 stability	 of	 the	 ester	product	 on	 the	2’-OH,	which	 is	identified	by	reverse	transcription.	A	recent	analysis	by	our	 lab	demonstrated	that	 furoyl	SHAPE	reagents	form	hyper-stable	ester	products	(Figure	3-1,	B)9.	This	critical	observation	suggests	that	the	furoyl	scaffold	would	be	ideal	for	downstream	in	vivo	SHAPE	analysis.	Recently,	 SHAPE	 has	 been	 extended	 from	 selected	 RNA	 studies	 to	 being	 used	transcriptome-wide.	 This	 transition	 has	 been	 accompanied	 by	 the	 development	 of	 novel	protocols	to	convert	SHAPE	adducts	into	sequencing	reads.	An	important	criterion	of	such	protocol	development	is	an	enrichment	step	of	SHAPE	adducts	for	achieving	high	signal-to-noise	 ratios	 in	 sequencing	experiments.	This	 is	 tackled	 through	 the	 incorporation	of	 two	moieties,	 an	acyl	 imidazole	 for	 the	acylation	reaction,	and	an	alkyl	azide	 to	permit	biotin	
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attachment	and	enrichment	through	Strain	Promoted	Azide	Alkyne	Cycloaddition	(SPAAC)	reactions10.	
	
Figure	 3-1.	 	 The	 SHAPE	 Reaction	 and	 Stability	 of	 SHAPE	 Reagents.	 A.	 The	 SHAPE	reaction.	B.	Ester	stability	of	different	SHAPE	electrophiles.	C.	Structure	of	NAI-N3	and	FAI-N3.		 Our	first-generation	reagent,	NAI-N3,	was	utilized	to	generate	SHAPE	data	from	the	mouse	embryonic	stem	cell	transcriptome	in	both	inside	and	outside	cells10.	However,	we	previously	demonstrated	that	the	nicotinoyl	scaffold	is	highly	prone	to	hydrolysis.	To	retain	the	power	of	dual-functioning	reagents	coupled	with	our	recent	analysis	of	ester	stability,	we	 were	 prompted	 to	 design,	 synthesize,	 and	 test	 an	 optimized	 SHAPE	 reagent,	 FAI-N3	(Figure	3-1,	C),	for	structural	analysis	of	RNA9.			
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3.4	Results	and	discussion	
The	FAI-N3	probe	was	synthesized	in	three	steps	(Figure	3-2,	A).	First,	a	substitution	reaction	 was	 done	 on	 2--(bromomethyl)furan-3-carboxylate	 with	 sodium	 azide	 in	dimethylformamide	 to	 yield	 2-(azidomethyl)furan-3-carboxylate.	 Then	 the	 ester	 was	hydrolyzed	to	the	carboxylic	acid	using	methanol	and	aqueous	sodium	hydroxide.	Finally,	2-(azidomethyl)furan-3-carboxylic	 acid	 was	 treated	 with	 carbonyldiimidazole	 in	dimethylsulfoxide	to	convert	the	carboxylic	acid	to	the	imidazole	amide.	The	overall	yield	in	three	steps	was	30%.	A	common	requirement	with	these	long-lasting	SHAPE	probes	is	the	ability	for	the	probes	to	be	quenched	with	dithiothreitol	(DTT).	Based	on	previous	findings	that	FAI	can	be	quenched	by	DTT,	we	 tested	 if	 FAI-N3	 could	also	be	quenched	with	 the	 same	method.	 In	
Figure	3-2,	B	&	C	(Figure	3-S1),	we	compared	the	rates	by	quenching	with	DTT	as	opposed	to	quenching	with	water.	 Preincubation	of	DTT	with	ATP	 followed	by	 addition	of	 FAI-N3	shows	 no	 reactivity,	 demonstrating	 that	 DTT	 is	 capable	 of	 quenching	 acylation.	 In	subsequent	 lanes,	 the	 addition	 of	 DTT	 following	 the	 acylation	 reaction	 afforded	 better	control	in	quenching	compared	to	the	addition	of	water.	This	shows	that	DTT	is	capable	of	quenching	the	acylation	reactivity	of	furoyl	SHAPE	reagents.	
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Figure	3-2.		Synthesis	and	Evaluation	of	FAI-N3	for	Hydroxyl	Acylation.	A.	Synthesis	of	FAI-N3.	B.	DTT	quenching	of	FAI-N3	acylation.	Pre-quench	(P.Q.)	is	designated	for	addition	of	either	water	or	DTT	to	the	ATP	solution	before	the	addition	of	FAI-N3	C.	Bar-graph	detailing	the	 percent	 acylation	 (monoacylation)	 as	 a	 function	 of	 time	 in	 quenching	 conditions	represented	 in	 Panel	 B.	 Black	 bars	 denote	 error	 from	 biological	 triplicates.	 N/A	 is	
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abbreviated	for	no	acylation	observed.	D.	Stability	of	NAI-N3	at	95	°C.	E.	Stability	of	FAI-N3	at	95	°C.	F.	Bar-graph	detailing	the	percent	hydrolysis	as	represented	in	Panel	D	and	E.	Black	bars	denote	error	from	biological	duplicates.	G.	Dot	blot	demonstrating	successful	“click”	for	biotinylation	of	FAI-N3	acylated	RNA.	H.	Methylene	blue	staining	of	G.	Biotin	=	streptavidin	dot	blot.	M.B.	=	methylene	blue.	P.C.	=	positive	control	biotinylated	oligo.			 We	recently	reported	that	the	furoyl	scaffold	on	SHAPE	reagents	makes	them	stable	to	hydrolysis	in	conditions	used	in	RNA-seq	experiments9.	We	wanted	to	test	whether	FAI-N3	adducts	were	more	stable	in	comparison	to	NAI-N3	adducts.	We	subjected	isolated	ATP-bound	adducts	with	NAI-N3	and	FAI-N3	to	high-temperature	hydrolysis	conditions	over	time	(95	 oC;	 temperature	 used	 repeatedly	 for	 annealing	 of	 RNA	 over	 several	 steps	 including	reverse	transcription,	primer	binding,	and	also	linker	ligation.	These	results	demonstrated	that	FAI-N3	esters	are	much	more	stable	than	those	from	NAI-N3	(Figure	3-2,	D	–	F;	Figure	
3-S3).	This	is	consistent	with	our	earlier	observations	comparing	the	two	SHAPE	scaffolds	side	by	side,	and	demonstrates	that	the	furoyl	scaffold	is	a	suitable	reagent	for	RNA	structure	probing	to	form	stable	ester	adducts	for	enrichment	and	opens	the	door	for	stringent	washes	at	elevated	temperatures.		 The	added	advantage	of	the	alkyl	azide	is	to	enrich	for	SHAPE	modifications,	which	others	and	we	have	shown	can	greatly	reduce	background	of	unmodified	RNA10,11.	We	next	investigated	the	possibility	if	FAI-N3	could	be	amenable	for	RNA	enrichment	with	the	same	approach.	Dot	blot	analysis	of	the	modified	RNA	demonstrated	that	biotin	can	be	attached	through	 SPAAC	 (Figure	 3-2,	 G	 &	 H).	 Successful	 biotin	 attachment	 suggests	 that	 SHAPE	
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adducts	can	be	enriched	before	reverse	transcription	–	an	important	aspect	of	applications	of	SHAPE	for	transcriptome-wide	analysis.	We	 tested	 if	 FAI-N3	 would	 still	 recover	 viable	 RT	 stops	 for	 SHAPE	 on	 the	 SAM-I	riboswitch	and	U1	 snRNA12.	We	 confirmed	 this	by	 taking	FAI-N3	 through	 the	protocol	 of	SHAPE	modification,	biotinylation,	enrichment,	and	then	reverse	transcription.	Due	to	the	low	propensity	 for	FAI-N3	 adducts	 to	be	hydrolyzed,	we	added	a	high-temperature	wash	step.	As	shown	in	Figure	3-3	A	&	D,	stringent	wash	steps	with	the	FAI-N3	lane	afforded	clean	RT	stops	and	enrichment	at	single	stranded	sites.	To	determine	enrichment,	we	compared	the	 signal	 from	 full-length	 cDNA	 from	 RT	 to	 an	 enriched	 site	 from	 SHAPE	 (Full-length/SHAPE).	We	observed	a	marked	reduction	in	full-length	cDNA	in	the	FAI-N3	enriched	lane	(IP,	Figure	3-3,	B	&	E)	in	contrast	to	observing	majority	of	the	full-length	cDNA	in	the	flowthrough	(FT).	The	ratio	of	enriched	cDNA	bands	at	stops	to	full	length	increased	almost	10-fold	 in	 the	enriched	samples.	Enriched	sites	mapped	 to	single-stranded	regions	of	 the	RNA	(Figure	3-3,	C	&	F)	Overall,	 these	data	nicely	show	that	FAI-N3	is	a	viable	probe	for	SHAPE	and	enrichment	of	RT	stops	with	removal	of	full	length	cDNAs.		
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Figure	3-3.		FAI-N3	Can	Enrich	Acylation	Sites	in	RNA	Structure	Modifications.	A.	FAI-N3	RNA	adducts	are	capable	of	undergoing	SPAAC	for	biotinylation	and	enrichment	on	SAM-I	RNA.	In	=	Input.	FT	=	Flowthrough.	EN	=	enriched.	B.	Calculation	of	enrichment	of	stops	against	full-length	cDNA	bands.	C.	SAM-I	riboswitch	with	sites	of	FAI-N3	enrichment	mapped	on	the	secondary	structure.	Nucleotides	that	are	denoted	in	red	are	enriched	in	the	EN	lane	of	Panel	A.	D.	Same	as	in	Panel	A,	but	for	U1	snRNA	E.	Calculation	of	enrichment	of	stops	
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against	full-length	cDNA	bands.	F.	U1	snRNA	with	sites	of	FAI-N3	enrichment	mapped	on	the	secondary	structure.	Nucleotides	that	are	denoted	in	red	are	enriched	in	the	EN	lane	of	Panel	D.			 Lastly,	we	sought	to	demonstrate	that	FAI-N3	is	a	viable	probe	for	in-cell	analysis	of	RNA	structure	through	SHAPE.	In	vitro	analysis	of	RNA	structure	with	SHAPE	reagents	does	not	always	translate	to	robust	signal	for	in-cell	SHAPE13.	We	compared	the	in	vitro	SHAPE	profiles	of	FAI	and	FAI-N3	on	18S	rRNA	isolated	from	cells.	As	shown	in	Figure	3-4	A,	all	reagents	give	similar	robust	SHAPE	profiles	in	vitro.		
	
Figure	 3-4.	 	 FAI-N3	 Can	 be	 Used	 to	 Measure	 RNA	 Structure	 Inside	 Living	 Cells.	 A.	Comparison	 of	 NAI,	 FAI,	 and	 FAI-N3	 for	 measuring	 RNA	 structure.	B.	 Denaturing	 gel	 of	adducts	comparing	in	and	outside	of	cell	RNA	acylation	profiles.	C.	X-Ray	structure	model	of	
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the	intact	ribosome.	(PDB:	4V6X)	The	section	in	red	is	the	single-stranded	residues	that	have	high	acylation	(SHAPE)	in	the	denaturing	gel	in	panel	B.		 Comparison	 of	 reagents	 in	 cells	 demonstrated	 that	 FAI-N3	 and	 NAI-N3	 can	 both	measure	 RNA	 structure	 robustly	 inside	 cells	 (Figure	 3-4,	 B).	 Comparison	 of	 the	 SHAPE	pattern	to	the	published	structure	of	the	ribosome	confirmed	that	residues	with	high	SHAPE	reactivity	are	not	base	paired	and	are	in	orientations	that	would	severely	weaken	their	base	pairs	to	make	them	flexible,	consistent	with	high	SHAPE	reactivity	(Figure	3-4,	C)14.			
3.5	Conclusion	
RNA	molecules	 are	 critical	 to	 the	 control	 of	 every	 biological	 pathway	 inside	 cells.	Many	RNA	functions	are	influenced	by	unique	RNA	structures	and	developing	methods	to	measure	RNA	structure	inside	cells	is	essential	toward	our	understanding	of	RNA	biology.	Chemical	probing	is	the	go-to	method	for	analyzing	RNA	structure.	Extensions	of	chemical	probing	to	transcriptome-wide	analyses	have	presented	new	opportunities	 for	probe	and	protocol	development.	Herein	we	have	presented	 the	 facile	 synthesis	and	evaluation	of	a	dual-functioning	 furoyl	probe	 for	SHAPE,	whose	 function	 is	 to	measure	RNA	structure	by	hydroxyl	acylation	and	also	be	amenable	to	enrichment	through	the	attachment	of	a	biotin	handle.	We	have	demonstrated	that	our	novel	reagent,	FAI-N3	is	capable	of	measuring	RNA	structure,	 both	 inside	 and	outside	 cells.	 FAI-N3	 reactivity	 can	be	 controlled	 through	DTT	quenching,	 affording	 complete	 experimental	 control	 over	 RNA	 probing.	 We	 have	 also	demonstrated	 that	 FAI-N3	 adducts	 can	 be	 enriched	 and	 such	 adducts	 are	 quite	 stable	 to	
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conditions	of	hydrolysis.	These	two	key	observations	suggest	that	FAI-N3	should	be	an	ideal	reagent	 for	 transcriptome-wide	 analysis	 by	 SHAPE.	 The	 recent	 surge	 in	 labs	 performing	SHAPE	 in	 cells	 with	 acylimidazole	 reagents	 further	 underscores	 the	 importance	 of	 our	findings15-18.	The	 facile	synthesis	and	utility	of	FAI-N3	should	make	 it	an	 ideal	reagent	 for	RNA	structure	probing	in	living	cells.		
3.6	Methods	
General	Chemicals	All	reagents	were	purchased	from	commercial	suppliers	and	were	of	analytical	grade	and	used	without	further	purification	unless	otherwise	noted.	Methyl	2-(bromomethyl)furan-3-carboxylate	 was	 purchased	 from	 Santa	 Cruz	 Biotechnology.	 Reaction	 progress	 was	monitored	by	thin-layer	chromatography	on	EMD	60	F254	plates,	visualized	with	UV	light,	iodine,	 ninhydrin,	 KMnO4,	 FeCl3,	 p-anisaldehyde,	 2,4-DNP,	 and	 bromocresol	 green	 stains.	Compounds	were	 purified	 via	 flash	 column	 chromatography	 using	 Sorbent	 Technologies	60	Å	230	x	400	mesh	silica	gel.	Anhydrous	solvents	acetonitrile	(MeCN),	dichloromethane	(DCM),	 methanol	 (MeOH),	 tetrahydrofuran	 (THF),	 dimethylformamide	 (DMF)	 were	degassed	 and	 dried	 over	 molecular	 sieves.	 Acetone	 was	 dried	 over	 MgSO4.	 All	 reaction	vessels	were	flame	dried	prior	to	use.	NMR	spectra	were	acquired	with	Bruker	Advanced	spectrometers.	All	spectra	were	acquired	at	298	K.	1H-NMR	spectra	were	acquired	at	400	MHz	and	500	MHz.	13C-NMR	spectra	were	acquired	at	500	MHz.	Chemical	shifts	are	reported	in	 ppm	 relative	 to	 residual	 non-deuterated	 NMR	 solvent,	 and	 coupling	 constants	 (J)	 are	provided	in	Hz.	All	NMR	spectra	was	analyzed	using	MestreNova	software.	Low	and	high-resolution	electrospray	ionization	(ESI)	mass	spectra	and	Gas	Chromatography	mass	spectra	
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were	collected	at	the	University	of	California-Irvine	Mass	Spectrometry	Facility.	IR	spectra	were	acquired	 from	neat	 samples,	unless	otherwise	noted,	with	a	PerkinElmer	Spectrum	Two	IR	Spectrometer.		
Synthesis	
	
	
Synthesis	of	methyl	2-(azidomethyl)furan-3-carboxylate	(1).	To	a	solution	of	methyl	2-(bromomethyl)furan-3-carboxylate	(0.459	mmol,	1	eq)	in	dry	DMF	(5	mL)	was	added	NaN3	 (0.918	mmol,	2	 eq).	The	 reaction	was	 left	 to	 spin	at	 room	 temp	overnight.	Then	 the	 reaction	was	quenched	with	 sat.	NaHCO3	and	 the	aqueous	 layer	was	extracted	with	 EtOAc.	 The	 organics	were	washed	 3x	with	water	 and	 3x	with	 brine.	 The	organic	 layer	was	dried	 over	MgSO4,	 filtered,	 and	 concentrated	 to	 yield	 the	 product	 as	 a	brown	liquid	(0.078	g,	94%	yield).	1H	NMR	(500	MHz,	CDCl3)	d	7.39	(d,	J	=	2.5Hz,	1H),	6.71	(d,	 J	=	2.4Hz,	1H),	4.63	(s,	2H),	3.84	(s,	3H).13C	NMR	(500	MHz,	CDCl3)	d	 	163.39,	154.61,	142.81,	 116.43,	 111.05,	 51.84,	 45.57.	 HRMS:	 Theoretical	 204.0385	 [M+Na+],	 Observed	204.0393	[M+Na+].		
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Synthesis	of	2-(azidomethyl)furan-3-carboxylic	acid	(2).	Methyl	2-(azidomethyl)furan-3-carboxylate	(0.293	mmol,	1	eq)	was	stirred	vigorously	in	a	1:1	 solution	 of	MeOH:10%	aq.	NaOH	 (1	mL:1	mL),	 and	monitored	 by	TLC.	Once	 starting	material	was	gone,	the	reaction	was	diluted	with	water,	washed	with	ether	only	once,	then	acidified	to	pH	4	with	2	N	HCl,	and	extracted	5	times	with	EtOAc.	The	organic	layer	was	dried	over	MgSO4,	filtered,	and	concentrated	to	yield	product	as	a	tan	solid	(0.033	g,	67%	yield).	
1H	NMR	(500	MHz,	DMSO)	d	13.11	(bs,	1H),	7.83	(d,	J	=	1.2Hz,	1H),	6.78	(d,	J	=	1.6Hz,	1H),	4.74	 (s,	 2H).13C	NMR	 (500	MHz,	DMSO)	d	 164.35,	 154.41,	 144.24,	 117.54,	 111.59,	 45.36.	HRMS:	Theoretical	212.0048	[M-H+2Na+],	Observed	212.0044	[M-H+2Na+].	
		
Synthesis	of	(2-(azidomethyl)furan-3-yl)(1H-imidazol-1-yl)methanone	(3).	2-(azidomethyl)furan-3-carboxylic	 acid	 (0.623	 mmol,	 1	 eq)	 was	 dissolved	 in	 anhydrous	DMSO	 (0.208	 mL)	 followed	 by	 addition	 of	 CDI	 (0.623	 mmol,	 1	 eq)	 to	 yield	 a	 final	concentration	of	3	M.	The	reaction	was	allowed	to	stir	at	room	temp	for	1h	and	then	used	for	cell	testing.	In	order	to	obtain	NMR	data	for	compound	3,	the	reaction	was	run	as	follows:	2-(azidomethyl)furan-3-carboxylic	acid	(0.171	mmol,	1	eq)	was	dissolved	in	anhydrous	DCM	(1	mL)	followed	by	addition	of	CDI	(0.171	mmol,	1	eq)	and	monitored	by	TLC.	Once	starting	material	was	gone,	the	product	was	purified	by	column	(95%	EtOAc/Hex	isochratic)	to	yield	
O
OHO
N3 CDI
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O
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3
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0.0178	g	(48%	yield)	and	used	for	spectroscopic	data	only.	1H	NMR	(500	MHz,	DMSO)	d	8.33	(s,	1H),	8.02	(d,	J	=	2Hz,	1H),	7.75	(s,	1H),	7.19	(s,	1H),	7.07	(d,	J	=	2Hz,	1H),	4.73	(s,	2H).13C	NMR	(500	MHz,	DMSO)	d	 	160.68,	156.97,	144.77,	138.29,	131.02,	118.24,	117.27,	111.52,	45.59.	HRMS:	Theoretical	218.0678	[M+Na+],	Observed	218.0674	[M+Na+].		
Characterization	of	ATP	deacetylation.	Radiolabeled	 ATP	 was	 incubated	 with	 1	 µL	 SHAPE	 reagent	 for	 1	 hour	 at	 300	mM	 final	concentration	with	FAI-N3	(10%	final	volume)	or	100	mM	final	concentration	with	1	M	NAI-N3	(10%	final	volume)	in	100	mM	HEPES	buffer,	pH	8.0,	containing	6	mM	MgCl2	and	100	mM	NaCl	to	a	 final	volume	of	10	µL.	Reaction	was	 incubated	at	37	°C,	and	then	placed	on	ice.	Products	 were	 resolved	 on	 25%	 native	 polyacrylamide	 gel.	 (29:1	 acrylamide	 and	bisacrylamide	 and	 1%	 Tris-borate-EDTA	 (TBE))	 and	 visualized	 by	 phosphorimaging	(Typhoon,	GE	healthcare).	ATP	supershifts	were	identified	and	excised	and	gel	slices	were	crushed	and	added	to	buffer	containing	a	solution	of	400	mM	KCl	and	incubated	overnight	at	4	°C.	The	 following	day,	ATP	conjugates	were	 isolated	by	spinning	down	gel	slices	and	isolating	 the	 supernatant.	 For	 deacylation	 reactions,	 ATP	 conjugates	 (1,000	 counts	 per	minute,	cpm)	were	added	to	volume	up	to	20	µL	in	ultrapure	RNase-free	water.	The	reactions	were	incubated	at	appropriate	times	and	temperatures	and	the	reactions	were	stopped	by	placing	the	solutions	on	ice	for	immediate	loading	into	the	gels.	Deacylated	products	were	loaded	and	resolved	on	a	25%	native	polyacrylamide	gel	as	shown	above	with	10	µL	of	GLB2.	Percent	acylation	was	calculated	as	the	ratio	of	 intensity	between	ATP	and	adduct	bands.	Band	intensity	were	quantified	using	imageJ.			
51		
Demonstrating	SHAPE	reactivity	with	DTT	quench.		Radiolabeled	ATP	was	incubated	with	each	SHAPE	electrophile	with	procedures	described	above	at	a	final	concentration	of	300	mM	FAI.	Following	addition	of	each	SHAPE	electrophile,	the	 reaction	was	 incubated	 at	 37	 °C	 until	 the	 indicated	 time.	 An	 aliquot	 of	 reaction	was	removed	and	quenched	in	either	an	equal	volume	of	Gel	Loading	Buffer	II	(Ambion,	Inc.),	or	Gel	Loading	Buffer	II	supplanted	with	666	mM	DTT	to	a	final	concentration	of	333	mM	DTT.	For	 the	 pre-incubation	 control,	 the	 SHAPE	 electrophile	 was	 added	 to	 a	 solution	 of	 Gel	Loading	Buffer	 II	 supplanted	with	 666	mM	DTT.	 Products	were	 resolved	 on	 28%	native	polyacrylamide	 gel	 and	 visualized	 by	 a	 gel	 imager	 (Typhoon,	 GE	 healthcare).	 Percent	acylation	was	calculated	as	the	intensity	from	acylated	products	over	the	total	intensity	of	ATP	signal.	Bands	intensity	were	quantified	using	imageJ.		
Characterization	of	NAI-N3	and	FAI-N3	reactivity	with	RNA.		Reverse	Transcription	primers:	SAM-I	(5’,	ATTTAGGTGACACTATAGTT,	3’)	HeLa	18s	(5’,	CCAATTACAGGGCCTCGAAA,	3’)		U1	Primer	(5’,	CCCACTACCACAAATTATGCAG,	3’)		
In	vitro	transcription	of	SAM-I	construct.	A	94	nucleotide	construct	consisting	of	the	sequence	for	the	SAM	riboswitch	from	the	metF-metH2	operon	of	T.	tencongensis	was	designed	into	a	plasmid	with	IDT12.	One	Shot	Top	10	chemically	competent	cells	were	transformed	by	SAM-I	plasmid	and	plated	on	 lysogeny	broth	(LB)	supplemented	with	ampicillin	(100	mg/mL)	agar	plates.	A	single	colony	was	selected	in	3	mL	culture	and	grown	overnight.	The	resulting	
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plasmid	 was	 isolated	 according	 to	 conditions	 using	 QIAprep	 Miniprep.	 Transcription	template	 was	 prepared	 by	 PCR	 using	 primers	 directed	 against	 the	 T7	 promoter	 (5’,	TAATACGACTCACTATAGGG,	 3’)	 and	 an	 adaptor	 sequence	 for	 reverse	 transcription	 (5’,	ATTTAGGTGACACTATAGTT,	 3’).	 RNA	 was	 transcribed	 in	 40	 µL	 reactions	 according	 to	conditions	 using	 Ribomax	 Large	 Scale	 RNA	 production	 systems	 kit	 from	 promega.	 The	transcription	reaction	was	allowed	to	proceed	for	three	hours	at	37	°C.	The	resulting	RNA	was	treated	with	1	µL	of	RQ1	DNase	for	15	min.	The	resulting	RNA	was	phenol	chloroform	extracted,	 and	 excess	 nucleotides	 were	 removed	 using	 a	 G25	 column.	 Resulting	concentrations	of	RNA	was	determined	through	NanoDrop.				
In	 vitro	 transcription	 of	 U1	 construct.	A	 164	 nucleotide	 construct	 for	 the	 U1	 snRNA	was	graciously	 donated	 to	 us	 from	 the	 Hertel	 Lab	 (UC	 Irvine)2.	 Transcription	 template	 was	prepared	 by	 PCR	 forward	 (5’,	 TAATACGACTCACTATAGGGATACTTACCTGGCAGGGGA,	 3’)	and	reverse	(5’,	CAGGGGAAAGCGCGA,	3’)	primers.	RNA	was	transcribed	in	40	µL	reactions	according	 to	 conditions	 using	 Ribomax	 Large	 Scale	 RNA	 production	 systems	 kit	 from	promega.	The	transcription	reaction	was	allowed	to	proceed	for	three	hours	at	37	°C.	The	resulting	RNA	was	treated	with	1	µL	of	RQ1	DNase	for	15	min.	The	resulting	RNA	was	phenol	chloroform	extracted,	and	excess	nucleotides	were	removed	using	a	G25	column.	Resulting	concentrations	of	RNA	was	determined	through	NanoDrop.		
32P	 End	 labeling	 for	 reverse	 transcription.	 200	 pmol	 of	 primer	 DNA	 was	 kinased	 with	Optikinase	according	to	manufacturer’s	conditions	by	Affymetrix.	The	reaction	was	allowed	to	proceed	for	two	hours	at	37	°C.	Reactions	were	stopped	by	the	addition	of	equal	amounts	
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of	Gel	Loading	Buffer	II	(Ambion,	Inc.).	The	reactions	were	loaded	onto	a	15%	denaturing	PAGE	gel.	The	band	of	interest	was	visualized	by	gel	imager	(Typhoon,	GE	healthcare).	The	resulting	band	was	excised	and	eluted	overnight	in	300	mM	KCl.	Resulting	solution	was	EtOH	precipitated	and	dissolved	to	8,000	cpm/µL	for	further	use	in	reverse	transcription.	
	
Acylation	of	RNA	in	vitro.	In	a	typical	in	vitro	modification	protocol,	5	μg	total	RNA	(isolated	from	HeLa	cells)	or	2	pmol	of	in	vitro	transcribed	RNA	was	heated	in	6	μL	metal-free	water	for	2	min	at	95	°C.	The	RNA	was	then	flash	cooled	on	ice.	3	μL	of	3×	SHAPE	buffer	(333	mM	HEPES,	pH	8.0,	20	mM	MgCl2	and	333	mM	NaCl)	was	added,	and	the	RNA	was	allowed	to	equilibrate	at	37	°C	for	5	min.	To	this	mixture,	1	μL	of	3	M	FAI-N3	or	1	M	NAI-N3	in	DMSO	(+)	or	DMSO	alone	(−)	was	added.	The	reaction	was	permitted	to	continue	for	15	min.	Reactions	were	extracted	once	with	acid	phenol	and	chloroform	(pH	4.5	±	0.2	(s.d.))	and	twice	with	chloroform.	RNA	was	ethanol	precipitated	with	20	μL	of	3	M	sodium	acetate	buffer	(pH	5.2)	and	 1	 μL	 of	 glycogen	 (20	 μg/μL).	 Pellets	 were	 washed	 twice	 with	 70%	 ethanol	 and	resuspended	in	5	μL	RNase-free	water.		
Copper	free	click	chemistry	of	acylated	RNA.	In	a	typical	reaction,	acylated	RNA	(1	pmol)	was	reacted	with	100	equivalents	of	Dibenzocyclooctyne-PEG4-biotin	(DBCO-Biotin,	sigma)	for	1	h	at	37	°C	in	1x	PBS.	Reactions	were	extracted	once	with	acid	phenol:chloroform	(pH	4.5)	and	twice	with	chloroform.	RNA	was	ethanol	precipitated	with	sodium	acetate	(pH	5.2)	and	1	 μL	 glycoblue.	 Pellets	were	washed	 twice	with	 70%	 ethanol	 and	 resuspended	 in	 17	 μL	RNase-free	water.		
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Enrichment	of	Modified	RNA.	To	50	pmol	of	precipitated	and	biotinylated	RNA	(in	700	μL	binding	buffer:	50	mM	Tris-HCl	pH	7.0	and	1	mM	EDTA)	was	added	with	50	μL	of	prewashed	Dynabeads	MyOne	C1	beads.	The	reaction	mixture	was	then	mixed	at	room	temperature	for	1	h.	The	beads	were	collected	on	a	magnetic	plate	and	flowthrough	was	saved.	The	beads	were	then	washed	three	times	with	700	μL	of	Biotin	Wash	buffer	(10	mM	Tris-HCl,	pH	7.0,	1	mM	 EDTA,	 4	 M	 NaCl,	 0.2%	 Tween).	 The	 first	 wash	 was	 saved	 and	 combined	 with	 the	flowthrough	for	further	analysis.	Samples	were	later	washed	twice	with	RNase-free	water.	FAI-N3	 adducts	undergoing	harsher	wash	 conditions	was	 subjected	 to	 two	700	μL	Biotin	wash	buffer	for	5	min	along	with	two	washes	with	RNase-free	water	at	70	°C.	Samples	were	eluted	twice	with	44	μL	formamide,	1	μL	of	0.5	M	EDTA,	and	5	μL	of	50	mM	of	free	D-Biotin	at	95	°C	for	5	min.	Eluted	samples	were	diluted	with	600	μL	RNase-free	water.	All	samples	were	purified	using	RNA	Clean	and	Concentrator	Kit	(Zymo).	Samples	were	eluted	in	6	μL	of	RNase-free	water	 and	 used	 for	 subsequent	 reverse	 transcription.	 SAM-I	 and	U1	RNA	RT	stops	were	put	through	biological	duplicates.	The	enrichment	factor	was	calculated	by	the	signal	at	full-length	RT/SHAPE	signal	at	a	chosen	band,	as	denoted	in	the	figures.		
Dot	blot	Analysis	of	Enriched	modified	RNA.	Hybond	N+	membranes	(GE)	were	pre-incubated	in	10X	SSC.	Precipitated	biotinylated	total	RNA	was	dissolved	in	15	μL	of	RNase	free	water.	RNA	was	loaded	onto	the	Hybond	membrane	and	crosslinked	using	254	nm	ultraviolet	light.	The	membrane	was	incubated	with	blocking	solution	(120	mM	NaCl,	16	mM	Na2HPO4,	8	mM	NaH2PO4,	170	mM	SDS)	for	30	min.	To	the	membrane	was	added	1	μL	streptavidin	(Pierce	High	Sensitivity	Streptavidin-HRP)	in	blocking	solution.	The	membrane	was	washed	twice	with	wash	buffer	A	(1:10	blocking	solution)	for	30	min,	and	twice	with	wash	buffer	B	(100	
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mM	Tris	pH	9.5,	100	mM	NaCl,	20	mM	MgCl2)	for	5	min.	Membrane	was	incubated	with	Pierce	Western	 blotting	 substrate	 (Thermo)	 and	 visualized	 on	 the	 ChemiDoc	 (Biorad)	 under	chemiluminesence	hi	sensitivity.		
	
Acylation	 of	 RNA	 in	 HeLa	 cells.	HeLa	 cells	 were	 grown	 in	 DMEM	 (high	 glucose)	 culture	medium	supplemented	with	10%	FBS,	1%	penicillin	streptomycin.	Cells	were	washed	three	times	with	Dulbecco’s	phosphate-buffered	saline	(DPBS)	and	then	scraped	and	spun	down	at	1000	r.p.m.	for	5	min.	Cells	(~3-6	x	107)	were	resuspended	in	45	µL	DPBS.	5	µL	DMSO	(-),	10%	final	concentration	or	5	µL	10x	electrophilic	stock	in	DMSO	(+)	was	added	to	the	desired	final	concentration.	Cell	suspensions	were	incubated	at	37	°C	for	10	min.	Cells	were	pelleted	by	centrifugation	at	1000	r.p.m.	for	5	min	and	resuspended	in	1	mL	Trizol	Reagent.	RNA	was	harvested	using	Trizol	Reagent	following	the	manufacturer’s	instructions.				
	 	
Reverse	 transcription	of	modified	RNA	 (in	 vitro	and	 in	 vivo).	 32P-end-labeled	DNA	primers	were	annealed	 to	modified	RNA	by	 incubating	95	°C	 for	 two	minutes,	 then	25	°C	 for	 two	minutes,	and	4	°C	for	2	minutes.	To	the	reaction,	first	strand	buffer,	DTT,	and	dNTP’s	were	added.	The	reaction	was	preincubated	at	52°C	for	1	min,	then	superscript	III	(2	units/µL	final	concentration)	was	added.	Extensions	were	performed	for	15	min.	To	the	reaction,	sodium	hydroxide	was	added	to	a	final	concentration	of	400	mM	and	allowed	to	react	for	5	min	at	95	
°C.	 The	 resulting	 complementary	 DNA	 (cDNA)	 was	 snapped	 cooled	 on	 ice,	 and	 ethanol	precipitated	 according	 to	 above	 procedures.	 Purified	 cDNA	was	 resuspended	 in	 2	µL	 of	nuclease-free	 water	 and	 2	 µL	 of	 Gel	 Loading	 Buffer	 II	 was	 added.	 cDNA	 products	 were	
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resolved	on	10%	denaturing	polyacrylamide	gel,	and	visualized	by	a	gel	imager	(Typhoon,	GE	healthcare).		
3.7	Supplementary	Data	
	
Figure	3-S1.	Replicates	of	Figure	3-2,	B	&	C.	Additional	experiments	supporting	Figure	3-2	and	DTT	quenching	of	acylation.	The	images	are	replicates	of	data	that	was	used	for	Figure	3-2	B	and	C.	
	
Figure	3-S2.	Replicates	of	Figure	3-2,	D-F.	Additional	experiments	supporting	Figure	3-2	and	Hydrolysis	of	NAI-N3	and	FAI-N3	acylation	products.	This	is	in	support	of	Figure	3-2	D-F.	A)	Deacylation	of	NAI-N3	acylation	adducts	with	ATP,	REP	1.	B)	Deacylation	of	NAI-N3	
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acylation	adducts	with	ATP,	REP	1.	C)	Deacylation	of	NAI-N3	acylation	adducts	with	ATP,	REP	2.	D)	Deacylation	of	NAI-N3	acylation	adducts	with	ATP.	REP	2.	
	
Figure	3-S3.	Replicates	for	Figure	3-3,	A	&	D.	Additional	experiments	supporting	Figure	3-3	and	Hydrolysis	of	NAI-N3	and	FAI-N3	acylation	products.	This	is	in	support	of	Figure	3-3	
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A)	Enrichment	RT	gel	for	SAM-I,	Rep	1.	B)	Enrichment	RT	gel	for	SAM-I,	Rep	2.	C)	Enrichment	RT	gel	for	U1,	Rep	1.	D)	Enrichment	RT	gel	for	U1,	Rep	2.	
	
Methyl 2-(azidomethyl)furan-3-carboxylate (1) 
1H NMR (500MHz, CDCl3)  
 
 
13C NMR (500MHz, CDCl3)  
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2-(azidomethyl)furan-3-carboxylic acid (2) 
1H NMR (500MHz, DMSO)  
 
13C NMR (500MHz, DMSO)  
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(2-(azidomethyl)furan-3-yl)(1H-imidazol-1-yl)methanone (3) 
1H NMR (500MHz, DMSO)  
 
13C NMR (500MHz, DMSO)  
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Chapter	4:	Light-Activated	Chemical	Probing	of	
Nucleobase	Solvent	Accessibility	Inside	Cells	
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4.2	Abstract	
The	discovery	of	functional	RNAs	that	are	critical	for	normal	and	disease	physiology	continues	 to	 expand	 at	 a	 breakneck	 pace.	 Many	 RNA	 functions	 are	 controlled	 by	 the	
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formation	 of	 specific	 structures,	 and	 an	 understanding	 of	 each	 structural	 component	 is	necessary	 to	 elucidate	 its	 function.	 Measuring	 solvent	 accessibility	 intracellularly	 with	experimental	ease	is	an	unmet	need	in	the	field.	Here,	we	present	a	novel	method	for	probing	nucleobase	 solvent	 accessibility,	 Light	Activated	Structural	Examination	of	RNA	 (LASER).	LASER	depends	on	light	activation	of	a	small	molecule,	nicotinoyl	azide	(NAz),	to	measure	solvent	 accessibility	 of	 purine	 nucleobases.	 In	 vitro,	 this	 technique	 accurately	 monitors	solvent	accessibility	and	identifies	rapid	structural	changes	resulting	from	ligand	binding	in	a	 metabolite-responsive	 RNA.	 LASER	 probing	 can	 further	 identify	 cellular	 RNA–protein	interactions	 and	 unique	 intracellular	 RNA	 structures.	 Our	 photoactivation	 technique	provides	an	adaptable	framework	to	structurally	characterize	solvent	accessibility	of	RNA	in	many	environments.		
4.3	Introduction	
RNA	molecules	can	perform	a	myriad	of	functions	to	control	nearly	every	step	of	gene	regulation1-3.	 This	 is	 due	 to	 the	 unique	 ability	 of	 RNA	 molecules	 to	 fold	 into	 complex	structures.	Biochemical	methods	that	can	interrogate	structural	elements	in	RNA	can	impart	specific	 molecular	 details	 on	 their	 biological	 activity.	 Chemical	 methods	 such	 as	dimethylsulfate	 (DMS)	 alkylation	 are	 used	 to	 determine	 base	 pairing	 for	 adenosine	 and	cytosine	 residues4.	 Another	 method	 is	 selective	 hydroxyl	 acylation	 (SHAPE),	 which	interrogates	 RNA	 structural	 flexibility5.	 SHAPE	 and	 DMS	 excel	 at	 monitoring	 changes	 in	Watson–Crick	pairing,	but	only	reveal	limited	information	when	solvent	accessibility	is	the	major	alteration	because	of	structural	transitions	or	protein	binding6.	
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Hydroxyl	 radical	 probing	 is	 arguably	 the	 gold	 standard	 when	 measuring	 solvent	accessibility	of	RNA.	Due	 to	 its	 fast	 rate	 constant	 (t1/2	~1	μs),	 the	 technique	 is	 especially	powerful	for	monitoring	the	exposed	backbone	of	RNA,	and	it	is	frequently	used	to	footprint	RNA	 structural	 transitions	 and	 RNA–protein	 interactions7.	 Despite	 its	widespread	 use	 in	
vitro,	adoption	of	hydroxyl	radical	probing	 in	cells	 is	 limited	because	of	 the	experimental	challenges	of	using	synchrotron	radiation8.	Assaying	solvent	accessibility	intracellularly	can	be	powerful	 for	 footprinting	sensitive	changes	 in	RNA	structure	and	for	 identifying	RNA–protein	 interactions6,9.	 Development	 of	more	 accessible	 techniques	 to	 assay	RNA	 solvent	accessibility	 in	 cells	 will	 provide	 additional	 experimental	 methods	 for	 deriving	comprehensive	models	relating	RNA	structure,	interactions,	and	function.	A	potential	complement	to	hydroxyl	radical	probing	is	measurement	of	the	solvent	accessibility	 of	 the	 major	 and	 minor	 groove	 surrounding	 the	 nucleobases.	 Many	 RNA	structures	or	RNA–protein	complexes	rely	on	major-groove	 interactions	to	 fold	 into	their	complex	states	and	to	control	affinity	and	selectivity10-13.	DMS	can	alkylate	the	N7	position	of	 guanine	 in	 a	 structure-dependent	 manner,	 yet	 these	 approaches	 often	 use	 additional	chemical	conditions	that	could	compromise	the	integrity	of	the	modified	RNA,	resulting	in	many	unavoidable	false	positives14.	Expanding	upon	the	reactivity	on	the	major	groove	to	assay	solvent	accessibility	may	reveal	similar	structural	 transitions	observed	by	hydroxyl	radical	 probing.	 The	 growing	 catalog	 of	 RNA	 functions	 implores	 such	 an	 extension	 of	chemical	approaches	to	interrogate	RNA	structure.	The	major	 consideration	when	 adopting	 a	 novel	method	 to	measure	 RNA	 solvent	accessibility	is	that	it	should	recapitulate	many	of	the	positive	aspects	of	hydroxyl	radical	probing	 but	 be	 easy	 to	 implement	 experimentally.	 For	 use	 in	 the	 cellular	 context,	 such	
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reagents	would	ideally	have	the	following	characteristics:	(1)	they	would	be	highly	soluble	for	 use	 in	 cells15,	 (2)	 be	 readily	 converted	 from	 an	 inert	 to	 active	 state,	 as	 to	 prevent	quenching	during	incubation	before	reaction	with	RNA,	(3)	have	fast	half-lives	to	sensitively	measure	 RNA	 structure	 transitions,	 (4)	 be	 self-quenching	 as	 to	 obviate	 the	 need	 for	 a	quencher,	 and,	 lastly,	 (5)	 be	 amenable	 to	 conventional	 reverse-transcription	 protocols,	which	 would	 enable	 widespread	 adoption	 of	 the	 procedure	 by	 labs	 interested	 in	 RNA	structure	and	function.	One	potential	solution	is	to	utilize	the	ability	of	light	to	transform	an	inert	compound	into	a	highly	reactive	species;	this	approach	is	a	well-established	paradigm	for	controlling	reactivity	in	organic	chemistry	and	has	been	used	in	cells	to	‘uncage’	metabolic	precursors	and	 complex	 biomolecules16-18.	 Nevertheless,	 its	 use	 for	 monitoring	 the	 structure	 of	biomolecules	has	yet	to	be	demonstrated.	Within	 this	 study,	 we	 present	 a	 new	 chemical	 approach	 to	 probe	 the	 solvent	accessibility	of	purine	nucleobases	in	RNA,	called	LASER.	We	demonstrate	the	utility	of	this	novel	 method	 for	 footprinting	 RNA	 structure	 and	 solvent	 accessibility.	 LASER	 is	 highly	sensitive	 and	 can	 detect	 very	 subtle	 changes	 in	 structure	 due	 to	 ligand	 binding	 in	 vitro.	LASER	identifies	sites	of	solvent	accessibility	similar	to	hydroxyl	radical	probing	and	reveals	rich	structural	 transitions	not	observed	by	either	DMS	or	SHAPE.	Lastly,	we	demonstrate	that	LASER	can	measure	unique	structural	states	of	RNA	such	as	footprinting	RNA–protein	interactions	inside	cells.	Our	approach	provides	the	community	with	a	novel	approach	for	characterizing	RNA	structure	both	inside	and	outside	the	cellular	environments.			
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4.4	Results	and	discussion	
Aroyl	azides	as	a	photoinducible	probe	for	RNA	Structure	Developing	such	an	approach	for	chemical	probing	of	RNA	implored	us	to	understand	how	other	molecules	perturb	solvent	accessible	regions	of	nucleobases.	Carcinogenic	aryl	nitrenium	ions	are	highly	reactive	electrophiles,	and	have	been	demonstrated	to	react	with	solvent-accessible	 regions	 of	 adenosine	 and	 guanosine	 in	 DNA	 to	 form	 C8	 adducts	 on	picosecond	time	scales	19-22.	Though	such	chemicals	can	be	highly	useful	for	measuring	RNA	structure,	 the	 rate	 of	 enzymatic	 nitrene	 formation	 is	 slow,	 as	 it	 relies	 on	 complicated	activation	pathways	that	convert	inert	procarcinogens	into	reactive	nitrene	intermediates23.	Lastly,	rearrangements	of	aryl	nitrenes	to	form	benzazirine	and	ring	expanded	ketenimine	structures	would	complicate	the	structural	studies,	because	these	additional	intermediates	alter	their	sites	of	reactivity	on	nucleobases20.	Aroyl	 nitrenes	 are	 another	 class	 of	 reactive	 nitrogen	 species.	 Photoexcited	 aroyl	azides	 can	 form	 single-site	 amidation	 products	 with	 electron-rich	 heteroarenes	 that	 are	similar	in	structure	to	the	electron-rich	five-membered	rings	in	purines24.	In	these	reactions,	the	formed	aroyl	nitrene	is	protonated	by	solvent	to	form	an	aroyl	nitrenium	ion,	which	is	a	strong	 electrophile24,25.	 Aroyl	 nitrenes,	 in	 contrast	 to	 the	 aryl	 nitrenes,	 are	 exquisitely	selective	in	forming	single-addition	products	with	heteroarenes	containing	a	wide	array	of	other	 functional	 groups24.	 A	 dominant	 competing	 Curtius	 rearrangement	 results	 in	formation	of	an	aryl	isocyanate	(Figure	4-1,	A),	which	is	later	quenched	to	reveal	amino	aryl	rings.	We	hypothesized	that	taking	advantage	of	the	exquisite	selectivity	and	rates	of	such	reactions	 could	 permit	 a	 similarly	 sensitive	 measurement	 of	 RNA	 structure	 and	 solvent	accessibility.	
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Activation	of	NAz	forms	C8	adduct	with	guanosine	We	designed	and	synthesized	nicotinoyl	azide	(NAz	(1)),	with	a	pyridinoyl	scaffold	similar	 to	 those	 from	 previous	 highly	 soluble	 RNA	 structure	 probes	 (Figure	 4-1,	 A)26.	Extensive	density	functional	theory	(DFT)	calculations	were	performed	to	characterize	the	reactive	 species	 formed	 by	 photoirradiation	 and	 to	 analyze	 the	 reaction	 mechanism.	Consistent	with	 previous	 reports	 of	 excited	 aroyl	 azides25,	 NAz	 gives	 rise	 to	 the	 nitrene	species	with	a	thermally	accessible	singlet	nitrene,	which	will	be	protonated	in	protic	solvent	to	form	a	nitrenium	cation	in	picoseconds	(Figure	4-S1	&	4-S2;	Supplementary	Data	set	
4-S1;	 Supplementary	 Note;	 Supplementary	 Tables	 4-S1,	 4-S2,	 4–S3)22	 .	 The	 formed	nitrenium	ions	are	computed	to	react	with	groove	face	of	guanosine	via	an	almost	barrierless	electrophilic	 aromatic	 substitution	 reaction.	We	 calculated	 that	 this	 should	 occur	 in	 the	singlet	potential	energy	surface	(PES)	to	form	a	C8–N	bond	directly	(see	Figure	4-S2).	
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Figure	 4-1.	 Characterizing	 the	 Reactivity	 of	 NAz.	 A.	 Proposed	 mechanism	 of	 NAz	activation	 and	 adduct	 formation	 with	 purines.	 B.	 fs	 TRIR	 of	 the	 singlet	 state	 after	photoexcitation	of	NAz	with	273	nm	light	in	CHCl3.	The	asterisk	denotes	the	S1	state	of	the	azide.	C.	Nitrene	 formation	 from	higher	 singlet	excited	state	 (Sn,	where	n≥2)	 in	CCl4.	The	asterisk	denotes	the	nitrene.	D.	Formation	of	isocyanate	after	NAz	photoexcitation	with	273	nm	light	in	CHCl3.	The	asterisk	denotes	the	isocyanate.	E.	Reaction	of	NAz	with	guanosine	to	yield	8AG.	F.	HPLC	analysis	of	the	reaction	depicted	in	E.	
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To	experimentally	characterize	the	excitation	pathway	of	NAz,	we	performed	time-resolved	 infrared	 spectroscopy	 (TRIR).	 Following	 light	 excitation	 of	 NAz,	 a	 new	 band	 of	around	2,105	cm-1	was	born	immediately	(	<	1	ps)	after	the	laser	pulse	corresponding	to	the	singlet	 excited	 state	 (S1)	 of	 NAz	 (Figure	 	 4-1,	 B;	 Supplementary	 Note).	 The	 S1	 state’s	kinetic	behavior	is	biphasic,	with	an	ultrafast	growth	component	of	19	ps	and	a	longer-lived	decay	component	of	247	ps.	A	weak,	broad,	band	centered	around	1,734	cm−1	was	observed	in	carbon	tetrachloride	and	was	assigned	to	the	singlet	nitrene	(calculations	predicted	the	singlet	nitrene	to	be	around	1,752	cm−1).	The	singlet	nitrene	(1,734	cm−1)	was	immediately	formed	after	the	laser	pulse,	indicating	an	initial	formation	of	singlet	nitrene	from	a	higher	singlet	excited	state	(Sn,	where	n	≥	2)	of	NAz	(Figure	4-1,	C).	Another	positive	band	was	observed	in	the	range	of	2,310–2,185	cm−1	(Figure	4-1,	D)	with	a	lifetime	of	37	ps,	and	this	band	was	readily	assigned	to	the	isocyanate.	Consistent	with	the	known	reactivity	of	aroyl	azides,	 isocyanate	 formation	 is	 the	 dominant	 product	 (Figure	 4-S3-S8;	 Supplementary	
Data	 Set	 4-S2;	 Supplementary	 Note;	 Supplementary	 Tables	 4-S4-S8).	 Steady	 state	photolysis	 in	acetonitrile	(a	singlet	nitrene	quencher)	resulted	 in	 formation	of	oxadiazole	products27	(Supplementary	Note),	further	demonstrating	that	NAz	forms	a	singlet	nitrene	upon	photoirradiation.	Quenching	of	 the	aroyl	nitrene	 (by	nucleophiles)	must	occur	on	a	picosecond	time	scale,	making	such	reaction	diffusion	controlled	(Figure	4-1,	B	&	C).	These	results	 demonstrate	 that	NAz	 is	 capable	 of	 forming	 high-energy	 intermediates	 known	 to	form	C8	adducts	with	adenosine	and	guanosine19-22.		 Following	the	known	reactivity	of	aroyl	azides	with	heteroarenes24,	we	predicted	that	light	activation	on	NAz	with	guanosine	would	result	in	formation	of	an	8-amido-guanosine	(8AG	(2))	adduct	(Figure	4-1,	D).	We	focused	on	guanosine,	as	compared	to	adenosine,	as	it	
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has	been	demonstrated	that	the	yield	of	C8	products	with	guanosine	is	much	higher	because	its	highest	occupied	molecular	orbital	(HOMO)	energy	(–8.1	eV	for	G)	is	higher	compared	to	those	of	other	nucleobases	 (−8.4	eV	 for	A;	−9.2	eV	 for	C;	and	−9.5	eV	 for	U)28,29.	 1H	NMR	experiments	demonstrated	a	 lack	of	 reactivity	between	guanosine	and	NAz	without	 light	(Fig.	4-S7).	We	next	incubated	NAz	with	guanosine	under	310	nm	light	from	a	conventional	handheld	UV	lamp	(As	depicted	in	Figure	4-1	D).	HPLC–MS	analysis	revealed	the	presence	of	a	single	new	peak	that	had	a	mass	consistent	with	8AG.	We	 synthesized	 8AG	 (ten	 steps	 from	 commercially	 available	 guanosine),	 and	compared	it	to	the	reaction	sample	using	HPLC-MS.	Perfect	overlap	was	observed	between	8AG	and	 the	new	peak	(Figure	4-1,	E	&	F).	Other	dominant	peaks	 in	 the	spectrum	were	matched	with	the	known	products	and	intermediates	of	the	Curtius	rearrangement.	Masses	in	 the	 negative	 control	 (+UV;	 −guanosine)	 are	 matched	 to	 the	 azo	 products	 because	 of	different	reaction	pathways	from	nitrene30.	In	addition,	a	peak	with	same	retention	time	was	detected	in	both	samples	of	incubation	of	guanosine	with	NAz	in	the	presence	and	absence	of	UV.	Further	HPLC	analysis	demonstrated	that	this	is	from	acylation	of	NAz	with	5′OH;	no	peak	 was	 detected	 for	 incubation	 of	 5′GMP	 with	 NAz	 (Figure	 4-S7).	 We	 note	 that	 this	product	would	not	be	observed	in	structure-probing	experiments.	Incubation	of	guanosine	with	the	predicted	isocyanate	from	the	Curtius	rearrangement	yielded	no	reaction	(Figure	
4-S8).	 These	 results	 demonstrate	 overall	 that	 simple	 light	 activation	 of	 NAz	 results	 in	formation	of	a	C8	adduct	with	guanosine.	The	selectivity	of	product	formation	is	consistent	with	carcinogenic	aryl	nitrenes	that	form	C8	adducts	with	guanosine	and	adenosine19,28.		
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NAz	probes	purine	solvent	accessibility	in	folded	RNA	We	next	investigated	NAz	as	an	RNA	structure	probe.	As	our	control	RNA,	we	used	the	SAM-I	riboswitch,	an	RNA	that	binds	S-adenosylmethionine	(SAM).	SAM-I	RNA	has	been	well	characterized	by	both	solution	and	X-Ray	crystallographic	methods31,32.	 The	 SAM-I	aptamer	core	is	highly	conserved	and	is	comprised	of	four	helical	regions	(P1–P4)	centered	on	a	four-way	junction	with	three	joining	regions	(J1/2,	J3/4,	and	J4/1).	The	helices	form	two	 coaxial	 stacks	 (P1/P4	 and	 P2/P3)	 that	 are	 organized	 through	 a	 set	 of	 tertiary	interactions	involving	a	pseudoknot	(PK)	between	L2	and	J3/4,	a	base	triple	tying	together	L2,	J3/4	and	J4/1,	and	several	long-range	interactions	involving	base	triples	between	J1/2	and	J3/4	and	paired	regions27,28	(Figure	4-S9).	The	key	characteristic	of	SAM-I	is	that	the	structure	mostly	exists	in	a	pre-formed	state.	Upon	binding	to	SAM,	structural	changes	can	occur	on	the	microsecond	time	scale	to	compact	the	overall	structure	of	the	RNA	through	an	induced-fit	 mechanism33,34.	 As	 such,	 SAM-I	 RNA	 is	 a	 powerful	 control	 for	 determining	whether	NAz	is	able	to	measure	nucleobase	accessibility	and	structural	transitions.	
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Figure	 4-2.	 Reactivity	 of	 NAz	 with	 SAM-I	 RNA.	 A.	 Denaturing	 gel	 electrophoresis	demonstrating	the	formation	of	adducts	only	in	the	presence	of	NAz	and	light.	B.	NAz	probing	of	SAM-I	RNA	with	increasing	amounts	of	SAM.	C.	Differential	reactivity	of	B	mapped	onto	the	SAM-I	RNA	secondary	structure.	D.	Differential	reactivity	of	B	mapped	onto	the	SAM-I	RNA	crystal	structure	PDB:	2GIS.	A	and	G	residues	are	represented	in	stick.	E.	Differential	reactivity	of	NAz	(+/-)	SAM.		A	and	G	residues	are	represented	on	the	X-axis	F.	Correlation	between	LASER	and	C-8	solvent	accessibility,	comparing	the	+SAM	lane	of	B.	A	and	G	residues	are	represented	on	the	X-axis.		
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We	 first	 determined	 whether	 NAz	 probing	 would	 be	 amenable	 to	 conventional	reverse	transcription	assays.	As	our	data	demonstrated	the	 installation	of	the	 large	bulky	group	at	the	C8	position	of	guanosine,	we	reasoned	this	would	stall	reverse	transcription	through	 a	 trans-to-cis	 isomerization	 of	 the	 glycosidic	 bond	 on	 adenosine	 and	 guanosine.	Incubation	of	NAz	with	SAM-I	RNA	in	the	presence	of	light	from	only	the	handheld	UV	lamp	(310	nm)	resulted	in	cDNA	truncation	products	(Figure	4-2,	A).	Increased	light	exposure	resulted	in	more	adducts	(Figure	4-S10).	High	signal-to-noise	ratios	can	be	observed	in	as	little	as	1	min	time	of	light	exposure.	Due	to	the	fast	rate	of	nitrene	quenching,	removal	of	light	is	sufficient	to	stop	NAz	reactivity	(Figure	4-S11).	cDNA	truncations	mapped	almost	exclusively	to	guanosine	and	adenosine	residues.	Guanosine	residues	tend	to	have	higher	reactivity	than	adenosine	residues,	consistent	with	guanosine	being	more	electron-rich	than	adenosine28.	 We	 note	 that	 NAz	 has	 a	 different	 modification	 profile	 compared	 to	 other	chemical	methods	 (DMS	and	 SHAPE),	 as	 guanosine	 and	 adenosine	 form	adducts	 on	both	single-	and	double	stranded	regions.		To	better	understand	the	mode	of	NAz	reactivity	in	LASER,	we	subjected	SAM-I	RNA	to	a	titration	of	SAM	(Figure	4-2,	B).	Residues	with	differential	reactivity	were	mapped	onto	the	 SAM-I	 secondary	 structure	 and	 a	 recent	 crystal	 structure	 (Figure	 4-2,	 C-E)35.	 Sites	modified	by	LASER	are	clustered	around	the	SAM	binding	site.	Consistent	with	what	others	have	 observed,	 peripheral	 loop	 regions	 of	 SAM-I	 undergo	 very	 few	 structural	 changes	because	of	ligand	binding33-35.	Sites	of	differential	reactivity	can	be	found	within	J1/2,	PK,	P2a,	P3,	and	J4/1.	These	sites	are	known	to	undergo	aptamer	domain	collapse	to	stabilize	the	pseudoknot	and	associated	tertiary	contacts	that	are	remote	from	the	SAM-binding	site.	Nearly	all	 residues	within	 the	pseudoknot	(A24	and	G27–G28)	have	decreased	reactivity,	
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consistent	 with	 the	 collapsed	 and	 stabilized	 bound	 state33-35.	 Notably,	 LASER	 detected	changes	in	reactivity	upon	SAM	binding	for	A24,	a	critical	lynchpin	residue	that	is	part	of	the	base	triple	connecting	L2	with	joining	regions	J4/1	and	J3/4.	In	the	bound	state,	SAM	forms	specific	hydrogen	bonding	interactions	with	residues	45	 and	 46	 in	 P3	 and	 helices	 P1	 and	 P2	 (at	 J1/2).	 SAM	 interactions	with	 J1/2	 are	major	contributors	to	this	binding,	as	these	interactions	help	fix	J1/2	into	a	configuration	that	is	favorable	for	P1	helix	formation.	This	interaction	has	been	proposed	to	be	the	kinetic	barrier	to	 the	 induced-fit	mechanism	employed	 for	antiterminator	 formation	and	control	of	gene	expression34.	 Differential	 probing	 is	 observed	 at	 residues	 A45	 and	 A46,	 which	 are	 the	residues	directly	interacting	with	SAM.	Nearly	every	residue	in	J1/2	(the	critical	residues	for	induced	fit	and	SAM	binding)	displayed	differential	LASER	reactivity	in	the	SAM-bound	state.	For	example,	A9	and	A14,	which	are	splayed	out	into	the	solvent	in	the	SAM-bound	state,	are	now	highly	 reactive	 to	 LASER.	 By	 contrast,	 G11	 and	G58,	which	 form	hydrogen	 bonding	interactions	with	 SAM,	 are	 tucked	 back	 into	 the	 structure,	 resulting	 in	 decreased	 LASER	reactivity.	Residue	A12	makes	no	structural	contacts	with	SAM	or	other	residues	in	the	RNA	that	would	control	its	solvent	accessibility;	thus,	no	change	in	LASER	reactivity	was	observed	in	 A12.	 Overall,	 these	 results	 demonstrate	 that	 LASER	 is	 capable	 of	 detecting	 structural	differences	important	for	RNA	function.		To	 gain	 further	 insight	 into	 the	 mode	 of	 reactivity,	 we	 compared	 the	 C8	 solvent	accessibility	of	several	SAM-I	crystal	structures	with	SAM	bound	to	the	modification	profile	of	LASER	probing.	LASER	probing	displayed	a	linear	relationship	with	solvent	accessibility	(r	=	0.82	when	G68	is	omitted;	Figure	4-2,	F;	Supplementary	Data	Set	4-3).	We	note	that	this	 value	 rivals	 hydroxyl	 radical	 probing	 that	 have	 reported	 r	 values	 of	 ~0.636,37.	 Two	
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residues,	A46	and	A45,	make	direct	 contact	with	SAM,	and	 these	have	been	shown	 to	be	critical	for	ligand	binding.	A46	shows	high	LASER	reactivity	in	the	bound	state,	whereas	A45	displays	 low	reactivity.	This	 finding	also	correlates	with	 the	solvent	accessibility	of	 these	residues	for	the	N7–C8	bond.	G58,	which	is	stacked	directly	above	SAM,	has	a	reduction	in	reactivity	with	ligand	binding,	which	correlates	to	a	solvent	inaccessible	N7–C8	bond	in	the	structure.	Residues	49–51	are	reactive	with	NAz,	whose	N7–C8	bond	is	also	observed	to	be	solvent	exposed	in	the	crystal	structures.	Lack	of	reactivity	on	residues	52	and	53	N7–C8	bond	can	also	be	explained	by	these	structures,	as	these	N7–C8	bonds	are	protected	from	solvent	(Figure	4-S12).	One	major	outlier	we	 identified	was	G68,	a	residue	that	has	high	LASER	 reactivity	 but	 has	 its	 N7–C8	 bond	 protected	 (Figure	 4-S12).	 Inspection	 of	 this	position	in	the	structure	shows	a	lack	of	strong	contacts	with	the	RNA,	whereby	G68	is	in	a	non-coplanar	W–C	 pair	with	 C25,	 implying	 that	 the	 specific	 position	may	 be	 dynamic	 in	solution	and	could	have	sampled	conformations	that	are	solvent	exposed.	This	analysis	of	SAM-I	 supports	 the	 notion	 that	 LASER	 profiling	 is	measuring	 C8	 solvent	 accessibility	 of	purine	nucleobases.		
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Figure	4-3.	Differential	Structure	Probing	Mapped	Onto	the	SAM-I	Crystal	Structure.	A.	Mapped	with	NAz.	B.	Mapped	with	DMS.	C.	Mapped	with	SHAPE.	D.	Mapped	with	hydroxyl	radical.	A	and	G	residues	are	represented	in	stick.	C	and	U	nucleobases	are	not	represented	in	stick.	PDB	for	SAM-I	riboswitch	structures:	2GIS		 We	put	 our	 results	 into	 context	 by	 comparing	NAz	 reactivity	 to	 other	methods	 of	chemical	probing.	We	interrogated	other	chemical	probing	techniques,	focusing	on	G	and	A	residues.	We	first	compared	LASER	probing	(Figure	4-3,	A)	to	SHAPE	and	DMS.	As	shown	in	
78		
Figure	 4-3	B,	 published	 differences	 in	 DMS	 probing	 in	 comparison	 to	 LASER	were	 very	scarce,	 although	 DMS	 successfully	 monitored	 residues	 A46	 and	 A45	 because	 of	 direct	interactions	with	SAM33.	In	comparison	to	SHAPE	(Figure	4-3,	C),	we	observed	that	SHAPE	probing	misses	many	of	the	J1/2	residues	while	still	being	capable	of	identifying	flexibility	changes	in	residues	A46	and	A45	(Figure	4-3,	C;	Figure	4-S13).	This	is	consistent	with	what	others	have	observed	for	SHAPE	probing	on	the	same	SAM-I	construct35.	Because	LASER,	SHAPE,	and	DMS	all	perform	different	reactions,	these	striking	differences	may	be	a	result	of	a	combination	of	the	fast	rate	constant	of	LASER	reactivity	and	its	unique	specificity	for	the	C8	 position	 of	 adenosine	 and	 guanosine.	 These	 two	 characteristics	 may	 make	 LASER	incredibly	 sensitive	 to	 structural	 changes.	 Lastly,	 we	 compared	 our	 data	 to	 published	hydroxyl	 radical	 probing33.	 As	 shown	 in	 Figure	 4-3	 D,	 hydroxyl	 radical	 probing	 also	identified	the	key	sites	of	J1/2	(and	residues	A45	and	A46)	for	changes	in	structure	due	to	the	induced	fit	mechanism	of	SAM-I.	The	residues,	which	have	lower	reactivity,	also	aligned	well	with	P4	and	P1	(similar	residues	that	have	lower	LASER	probing),	further	supporting	the	overall	compact	structural	transition	that	SAM-I	undergoes	because	of	 ligand	binding.	We	also	note	that	there	are	some	residues	undergoing	reactivity	changes	that	are	missed	by	LASER;	however,	these	are	mostly	U	and	C	residues,	which	are	not	reactive	to	LASER	(Figure	
4-S14).	These	results	support	the	notion	that	LASER	probing	can	reveal	structural	changes	similar	to	those	seen	with	hydroxyl	radical	probing	and	is	sensitive	to	changes	 in	solvent	accessibility.			
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Figure	4-4.	LASER	Probing	Inside	Living	Cells.	A.	Denaturing	gel	electrophoresis	of	LASER	on	 section	 1	 of	 18S	 rRNA.	B.	 Space	 filling	model	 of	 18S	 rRNA	 and	 close	 up	 of	 A-stretch	showing	 interactions	 with	 proteins	 and	 RNA	 blowing	 solvent.	 C.	 Denaturing	 gel	electrophoresis	of	SHAPE	on	section	1	of	18S	 rRNA.	D.	Denaturing	gel	 electrophoresis	of	LASER	on	section	2	of	18S	rRNA.	E.	Close	up	of	residues,	which	have	differential	NAz	probing.	PDB	for	ribosomal	structures:	4V6X.		
LASER	probes	purine	solvent	accessibility	in	living	cells	To	 test	 LASER	 reactivity	 in	 cells15,38,	 we	 first	 focused	 on	 probing	 ribosomal	 RNA	(rRNA).	We	chose	rRNA	because	it	is	highly	abundant	and	has	available	high-resolution	cryo-EM	 structures	 (2.9	 Å)39.	 This	 permits	 a	 molecular-level	 analysis	 of	 LASER	 probing	 in	comparison	to	structural	states	representative	of	the	cellular	environment.	We	first	focused	
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on	H15	and	H16,	as	the	majority	of	the	helices	are	hidden	from	solvent	because	of	extensive	interactions	with	other	sections	of	18S	rRNA	and	ribosomal	proteins	S9,	S24,	and	S30.	The	section	of	interest	in	H4	has	extensive	G–C	base	pairing,	and	a	large	portion	of	the	junction	between	H15	and	H16	is	connected	by	a	long	stretch	of	single-stranded	adenosine	residues.	In	vitro,	LASER	modified	many	of	the	residues	connecting	H15	and	H16	in	the	adenosine-rich	sequence	(Figure	4-4,	A	and	Figure	4-S15).	However,	in	stark	contrast,	these	residues	did	not	show	LASER	reactivity	in	cells.	Mapping	the	interaction	of	these	residues	back	onto	the	cryo-EM	model	revealed	that	many	of	them	are	in	direct	contact	with	the	three	rRNA	binding	 proteins.	 The	 C8	 position	 of	 these	 residues	 are	 packed	 tightly	 against	 ribosomal	protein	S9	(Figure	4-4,	B).	Many	residues	within	H15	and	H16	in	the	cryo-EM	structure	are	single	stranded	or	in	nonoptimal	weak	base	pairs.	As	such,	we	predicted	that	these	residues	would	have	similar	reactivity	 in	 and	 outside	 of	 cells	 to	 SHAPE	 probing,	 even	 though	 they	 have	 extensive	interactions	with	proteins.	Consistent	with	this	prediction,	there	was	no	difference	in	SHAPE	reactivity	in	the	long	single-stranded	stretch	of	residues	G513	and	A526	(Figure	4-4,	C).	As	such,	LASER	probing	is	a	good	complement	to	SHAPE	and	is	very	powerful	for	identifying	solvent-protected	residues.	We	next	sought	to	extend	our	analysis	onto	a	second	segment	of	18S	rRNA,	which	has	a	more	complex	intracellular	environment	(Figure	4-4,	D	&	E;	Figure	4-S16).	Residue	819	is	highly	reactive	in	cells,	wherein	it	sits	completely	solvent	exposed;	residues	817	and	821	are	nonreactive	with	 their	nucleobases	and	are	 solvent	protected.	Residues	807–813	are	part	of	a	long	A-rich	bulge	that	has	similar	reactivity	in	cells	and	in	vitro.	Inspection	of	the	structure	shows	that	these	residues	have	high	solvent	accessibility	and,	as	such,	would	not	
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have	substantial	differences	in	NAz	reactivity.	Guanosine	residues	near	the	end	of	the	helix	displayed	differential	NAz	reactivity.	G751	and	G752	both	have	their	C8	positions	completely	solvent	exposed	in	the	crystal	structure.	G744	is	part	of	an	S-turn	in	rRNA,	and	the	N7–C8	side	of	the	ring	is	pointing	out	 into	the	solvent,	completely	solvent	exposed	in	the	crystal	structure.	These	 sites	of	differential	probing	are	depicted	 in	Figure	4-4	E.	 These	 results,	combined	with	the	18S	rRNA	probing	above,	demonstrate	that	NAz	is	capable	of	reading	RNA	structures	 inside	 cells	 and	can	accurately	 report	on	 solvent	accessibility	of	 complex	RNA	structures	in	native	environments.	
	
Figure	4-5.	LASER	Probing	of	the	U1	snRNP	Inside	Living	Cells.	A.	Secondary	structure	of	the	U1	snRNP.	B.	Denaturing	gel	electrophoresis	of	LASER	on	U1	snRNP.	C.	Close	up	of	
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residues,	 which	 have	 differential	 NAz	 probing	 and	 their	 relationship	 to	 the	 U1	 and	 70K	proteins.	PDB	for	both	structures:	4PKD.		
LASER	probing	of	the	U1	snRNP	in	cells	Lastly,	 we	 further	 tested	 the	 limitations	 of	 LASER	 probing	 on	 a	 small	 nuclear	ribonucleoproteins	(snRNP).	The	U1	snRNP	participates	in	the	recognition	of	5′	splice	sites	via	base	pairing	between	the	5′	splice	site	and	the	5′	end	of	U1	snRNA1340,41.	Recent	low-resolution	crystal	structures	of	the	U1	and	70K	RNA	(Figure	4-5,	A)	have	been	solved	(5.5	Å)42,	and	comparison	of	these	structures	to	those	inside	cells	would	further	support	their	findings.		NAz	probing	in	cells	identified	the	U1A–RNA	interface.	Residues	76–75,	70,	and	68	all	displayed	substantial	differences	in	their	NAz	profiles	(Figure	4-5,	B	&	C).	Residues	76	and	75	have	their	C8	positions	pushed	back	against	the	bottom	of	the	U1	protein	(direct	contacts	with	Arg52	prevent	NAz	reactivity),	where	they	are	solvent	protected.	Their	W–C	faces	are	involved	in	base-pair	interactions	with	cytosine	residues.	Residue	A70	also	showed	lower	reactivity,	and	its	N7–C8	bond	is	protected	by	π-stacking	with	Phe56.	This	result	is	revealing	because	A70	is	known	to	be	a	critical	residue	for	U1A–RNA	particle	assembly43.	Lastly,	G68	is	 in	 direct	 contact	 U67,	 which	 combines	 with	 Gln54	 and	 Asn15	 on	 U1	 to	 protect	 the	nucleobase	from	LASER	reactivity.		LASER	probing	also	identified	key	residues	in	the	70K–U1	snRNA	interface.	As	shown	in	Figure	4-5	C,	70K	binding	provides	a	large	portion	of	surface	interaction	to	prevent	NAz	reactivity.	Many	of	the	residues	in	Loop	I	are	observed	to	be	protected.	The	entire	3′	end	of	
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loop	I	has	lower	NAz	reactivity	in	cells,	which	is	consistent	with	the	interactions	between	the	major	groove	of	such	residues	and	the	binding	face	of	70K.		LASER	 reactivity	 remained	 unchanged	 in	 Loop	 III,	 as	 this	 loop	 is	 known	 to	 lack	 of	 any	recognized	protein	binding	factors	inside	cells.	However,	LASER	reactivity	in	cells	was	much	higher	in	the	H-helix,	which	is	consistent	with	the	concept	that	LASER	is	probing	the	engaged	U1	 snRNP,	which	opens	up	 its	H-helix	when	bound	 to	 the	 target	mRNA	 for	 regulation	of	splicing13.	Thus,	we	have	demonstrated	the	capability	of	our	technique	to	profile	RNA	protein	interactions	of	lower	expressed	RNAs	inside	living	system.		
4.5	Conclusion	
Herein	we	have	introduced	a	novel	method	for	measuring	RNA	solvent	accessibility	called	LASER.	LASER	works	through	light	activation	of	aroyl	azides	to	form	aroyl	nitrenes.	We	demonstrate	 that	our	new	method	 forms	adducts	with	 the	 solvent-exposed	region	of	purine	residues.	LASER	works	with	exquisite	sensitivity	and	can	identify	sites	of	structural	change	because	of	ligand	binding	in	the	SAM-I	riboswitch.	Importantly,	LASER	can	identify	changes	 in	structure	 that	are	missed	by	other	conventional	probing	methods.	LASER	and	hydroxyl	radical	probing	yield	very	similar	results.	Due	to	the	sensitivity	of	LASER	probing,	it	enables	the	understanding	of	RNA	structural	transitions	at	faster	time	scales.	Furthermore,	our	method	 can	 be	 easily	 implemented	 in	 living	 cells.	 This	 allows	 us	 to	measure	 unique	structural	motifs	of	RNA	in	its	native	environment	and	also	have	the	ability	to	identify	RNA–protein	interactions.		We	anticipate	that	LASER	will	be	an	invaluable	addition	to	the	methods	used	to	probe	RNA	 structure.	 NAz	 reactivity	 can	 be	mapped	 back	 to	 both	 single-	 and	 double-stranded	
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regions	in	RNA.	This	reactivity	makes	this	reagent	unique,	because	other	canonical	structure	probing	reagents	(DMS	and	SHAPE	reagents)	work	by	identifying	single-stranded	regions.	As	 such,	NAz	 reactivity	 (solvent	 accessibility)	 can	 complement	DMS	 and	 SHAPE	probing.	Thus,	we	anticipate	that	LASER	could	reveal	aspects	of	RNA	structure	that	may	be	missed	by	conventional	methods.	 Furthermore,	 it	 should	be	 extremely	useful	 for	 footprinting	RNA–protein	 interactions	 for	 proteins	 that	 recognize	 structured	 regions	 in	 RNA	 and	 do	 not	necessarily	bind	to	single-stranded	residues.	Tracking	solvent	accessibility	may	prove	more	feasible	 for	 characterizing	 such	 binding	 events.	 We	 expect	 that	 such	 experimental	interrogations	will	become	more	important	as	the	catalog	of	noncoding	RNA	molecules10	and	functional	motifs	in	coding	transcripts15	continues	to	expand.		
4.6	Methods	
General	biological	methods		Buffer	salts	and	NTPs	were	purchased	from	commercial	sources.	All	chemical	reagents	were	purchased	from	commercial	sources.	Superscript	III	was	purchased	from	Life	technologies.	32P	 was	 purchased	 from	 PerkinElmer.	 SAM-I	 gene	 and	 primers	 were	 purchased	 from	Integrated	 DNA	 Technologies	 (IDT).	 T7	 RNA	 polymerase	was	 graciously	 donated	 by	 the	Luptak	lab	(UC	Irvine).	Gels	were	imaged	on	the	Typhoon	Imager	GE	Healthcare.	Optikinase	was	 purchased	 from	 Affymetrix.	 TURBO	 DNase	 was	 purchased	 from	 Thermo	 Fisher	Scientific.	Zilla	Desert	UVB	50	fluorescent	coil	bulb	was	purchased	from	Amazon.				
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SAM-I	construct.		A	 94-nucleotide	 construct	 consisting	 of	 the	 sequence	 for	 the	 SAM-I	 riboswitch	 from	 the	metF-metH2	 operon	 of	 Thermoanaerobacter	 Tencongensis	 was	 designed	 into	 a	 plasmid	with	IDT31.	SAM-I	plasmid	was	transformed	into	One	Shot	Top	10	chemically	competent	cells	and	plated	on	lysogeny	broth	(LB)	supplemented	with	ampicillin	(100	mg/mL)	agar	plates.	A	single	colony	was	selected	in	3	mL	culture	and	grown	overnight.	The	resulting	plasmid	was	isolated	according	 to	conditions	using	QIAprep	Miniprep.	The	transcription	template	was	prepared	 by	 PCR	 using	 primers	 directed	 against	 the	 T7	 promoter	 (5′,	TAATACGACTCACTATAGGG,	 3′)	 and	 an	 adaptor	 sequence	 for	 reverse	 transcription	 (5′,	ATTTAGGTGACACTATAGTT,	3′).	RNA	was	transcribed	in	40	μL	reaction	containing	40	mM	Tris–HCl	(pH	8.0),	20	mM	DTT,	0.01%	Triton	X-100,	2	mM	spermidine,	1	mM	each	NTP,	25	mM	MgCl2,	200	ng	template	DNA,	and	1	U	of	T7	RNA	polymerase	provided	by	the	Luptak	lab.	The	transcription	reaction	was	allowed	to	proceed	for	4	h	at	37	°C.	Subsequent	samples	were	treated	with	1	μL	of	TURBO	DNase	and	incubated	for	30	min	at	37	°C.	The	resulting	RNA	was	ethanol	precipitated	at	−80	°C	for	30	min	and	resuspended	in	50	μL	of	RNase-free	water.	An	aliquot	of	RNA	was	run	on	a	denaturing	PAGE	gel	(15%	polyacrylamide,	0.5×	TBE,	7	M	urea)	alongside	a	100	bp	RNA	ladder.	The	band	of	interest	was	visualized	through	SYBR-gold	(1×)	in	water	for	15	min.	Resulting	concentrations	of	RNA	were	quantified	by	integrating	intensity	of	the	ladder	with	the	RNA	band	of	interest.		
32P	end	labeling	for	reverse	transcription.		200	pmol	of	primer	DNA	was	phosphorylated	according	to	the	manufacturer’s	conditions	by	Affymetrix.	The	reaction	was	allowed	to	proceed	for	2	h	at	37	°C.	Reactions	were	stopped	by	
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the	addition	of	equal	amounts	of	Gel	Loading	Buffer	II	(Ambion,	Inc.).	The	reactions	were	loaded	 onto	 a	 15%	 denaturing	 PAGE	 gel.	 The	 band	 of	 interest	 was	 visualized	 by	 a	phosphorimager	 (Typhoon,	 GE	 healthcare).	 The	 resulting	 band	 was	 excised	 and	 eluted	overnight	in	300	mM	KCl.	Resulting	solution	was	EtOH	precipitated	and	dissolved	to	8,000	counts	 per	minute	 (c.p.m.)/μL	 for	 further	 use	 in	 reverse	 transcription.	 Primers	 used	 for	Reverse	transcription:		SAM-I	(5′,	ATTTAGGTGACACTATAGTT,	3′)		HeLa	18s	Primer	1	(5′,	CCAATTACAGGGCCTCGAAA,	3′)		HeLa	18s	Primer	2	(5′,	TCCAGGCGGCTCGGGCCT,	3′)		U1	Primer	(5′,	CCCACTACCACAAATTATGCAG,	3′)		
Characterization	with	NAz	structure	probe	with	RNA.		
Modification	of	RNA	with	NAz	structure	probe	in	vitro.	In	a	typical	experiment,	10	pmol	of	in	vitro–transcribed	RNA	or	5	μg	of	total	RNA	(isolated	from	HeLa	cells)	was	heated	in	6	μL	metal-free	water	at	95	°C	for	2	min,	and	the	RNA	was	then	snap	cooled	on	ice.	Resulting	RNA	was	incubated	in	1×	SHAPE	buffer	(333	mM	HEPES,	pH	8.0,	20	mM	MgCl2,	and	333	mM	NaCl),	and	the	RNA	was	allowed	to	equilibrate	at	37	°C	for	3	min.	To	this	mixture,	1	μL	of	10×	NAz	stock	(3	M	in	DMSO)	was	added.	In	a	typical	light-exposure	experiment,	RNA	with	NAz	are	laid	flat	in	a	1.7	mL	microcentrifuge	tube.	A	20	W	UVB	lamp	is	positioned	around	5	cm	above	the	samples.	Exposure	time	could	be	reduced	if	a	stronger	light	source	is	used.	However,	care	should	be	taken	over	potential	health	concerns	with	UV	damage.	The	reaction	was	exposed	to	a	handheld	lamp	(20	W;	λmax	~310	nm)	for	3	min	unless	otherwise	noted.	1	μL	of	10×	2-methylnicotinic	acid	imidazolide	(NAI;	1	M	in	DMSO)	was	incubated	for	15	min	in	place	of	
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NAz	 for	 comparison.	Modified	RNA	was	 quenched	with	 the	 addition	 of	 90	 μL	water	 and	precipitated	with	10	μL	of	 3	M	 sodium	acetate	buffer	 (pH	5.2)	 and	1	μL	of	 glycogen	 (15	mg/mL).	 Pellets	were	washed	 twice	with	 70%	 cold	 ethanol	 and	 resuspended	 in	 5	 μL	 of	RNase-free	water.	
	
Modification	of	RNA	with	NAz	structure	probe	in	vitro	with	SAM	ligand.	The	RNA	modification	protocol	was	altered	with	the	following	changes:	10	pmol	of	in	vitro–transcribed	SAM-I	RNA	was	heated	in	5	μL	metal-free	water	at	95	°C	for	2	min,	and	the	RNA	was	then	snap	cooled	on	ice.	Resulting	RNA	was	incubated	in	1×	SHAPE	buffer	(333	mM	HEPES,	pH	8.0,	20	mM	MgCl2,	and	333	mM	NaCl),	and	the	RNA	was	allowed	to	equilibrate	at	37	°C	for	3	min.	Starting	with	1	mM	final	concentration,	the	RNA	was	incubated	for	2	min	with	SAM	ligand	with	a	ten-fold	dilution	for	each	subsequent	sample	down	to	1	nM	final	concentration.	RNA	modification	proceeded	with	NAz	reagent	as	indicated	above.		
Modification	of	18s	 rRNA	or	U1	 snoRNA	with	NAz	 structure	probe	 in	 vivo.	HeLa	cells	were	grown	 in	 DMEM	 (high	 glucose)	 culture	 medium	 supplemented	 with	 10%	 FBS	 and	 1%	penicillin–streptomycin.	Cells	were	washed	 two	 times	with	DPBS	 (Dulbecco’s	phosphate-buffered	saline)	and	then	scraped	and	spun	down	at	1,000	r.p.m.	for	5	min.	Cells	(3–6	×	107)	were	 resuspended	 in	 DPBS	 and	DMSO	 (10%	 final	 concentration),	 or	 NAz	 (300	mM	 final	concentration)	was	added	to	the	desired	final	concentration.	Cell	suspensions	were	exposed	to	a	handheld	lamp	(20	W;	λmax	~310	nm)	for	5	min.	1	mL	of	TRIzol	was	added	to	the	resulting	mixture,	 and	 then	 200	 μL	 of	 chloroform	was	 added.	 RNA	was	 precipitated	 following	 the	TRIzol	LS	manufacturer’s	instructions.	RNA	was	resuspended	with	5	μL	of	RNase-free	water.	
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Reverse	 transcription	of	modified	RNA	 (in	 vitro	and	 in	 vivo).	 32P-end-labeled	DNA	primers	were	annealed	to	modified	RNA	by	incubating	95	°C	for	2	min,	then	at	25	°C	for	2	min,	and	finally	4	°C	for	2	min.	To	the	reaction,	first	strand	buffer,	DTT,	and	dNTP’s	were	added.	The	reaction	 was	 pre-incubated	 at	 52	 °C	 for	 1	 min,	 then	 superscript	 III	 (2	 units/μL	 final	concentration)	was	added.	Extensions	were	performed	for	15	min.	To	quench	the	reaction,	1	 μL	 of	 4	M	 sodium	 hydroxide	was	 added	 and	 allowed	 to	 react	 at	 95	 °C	 for	 5	min.	 The	resulting	complementary	DNA	(cDNA)	was	snapped	cooled	on	ice,	and	ethanol	precipitated	according	 to	 above	procedures.	 Purified	 cDNA	was	 resuspended	 in	2	μL	of	 nuclease-free	water	and	2	μL	of	Gel	Loading	Buffer	II	was	added.	cDNA	products	were	resolved	on	10%	denaturing	PAGE	gel.		
Characterization	 of	 Reverse	 transcription	 stops.	 cDNA	 extensions	 were	 visualized	 by	 a	phosphorimager	(Typhoon,	GE	healthcare).	cDNA	bands	were	integrated	with	SAFA44.	NAz	reactivities	were	normalized	to	the	average	of	the	top	92–98	percentile.	Solvent	accessibility	calculations	 for	 SAM-I	 unbound	 (PDB	 ID	 3IQN)35	 and	 bound	 (PDB	 ID	 2GIS)31	 RNA	 was	performed	with	PyMOL	(http://www.delanoscientific.com/)	using	a	probe	size	of	2	Å.	PDB	IDs	used	for	the	comparison	are:	5FJC,	5FK1,	5FK2,	5FK3,	5FK4,	5FK5,	5FK6,	5FKG,	and	2GIS.	The	results	from	this	comparison	are	within	Supplementary	Data	Set	4-3.		
Structural	 modeling.	 Figure	 graphics	 were	 generated	 in	 PyMOL	 (http://www.	delanoscientific.com/).		
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Computational	methods.	All	structures	were	initially	optimized	in	the	gas	phase	using	the	TPSS45	functional	and	polarized	triple-ζ	valence	(def2-TZVP46-50)	basis	sets	in	combination	with	the	zero-damped	D3-dispersion	correction	(denoted	−D3	below)51.	Final	single-point	energies	 were	 obtained	 using	 polarized	 quadruple-ζ	 valence	 (def2-QZVP46-50)	 basis	 sets	yielding	energies	close	to	the	basis	set	limit	in	DFT	calculations.	All	computations	employed	spin	 unrestricted	 Kohn-Sham	 references;	 open-shell	 singlet	 states	were	 allowed	 to	 spin-polarize	using	converged	triplet	orbitals	as	initial	guess.	Solvation	effects	were	included	in	the	final	single-point	energies	using	the	COSMO	solvation	model	for	aqueous	solution	with	a	dielectric	constant	of	80.152.	Chemical	potentials	(c.p.)	for	obtaining	the	Gibbs	free	energies	at	298.15	K	(G	=	E(0)	+	c.p.)	were	computed	from	the	harmonic	vibrational	frequencies	using	the	 quasi-RRHO	 approach	where	 the	 vibrational	 entropy	 is	 replaced	with	 the	 free-rotor	entropy	for	all	modes	with	frequencies	less	than	100	cm−1;	the	latter	reduces	the	error	in	the	vibrational	 entropy	 caused	 by	 deficiencies	 of	 the	 harmonic	 approximation53.	 The	 β-N9	 -glycosidic	 bond	 of	 guanosine	was	 replaced	with	N9	 -CH3;	 see	Supplementary	Note	 4-2;	
Figure	1).		All	 computations	 were	 performed	 using	 the	 Turbomole	 7.154	 program	 package	(http://www.turbomole.com/)	with	 default	 settings	with	 the	 following	 exceptions:	 Finer	DFT	integration	grids	m4	were	used	and	automatic	level	shifting	was	employed	if	E(HOMO-LUMO)	 was	 less	 than	 0.5	 eV.	 The	 multipole-accelerated	 resolution-of-the-identity	approximation	 for	 the	Coulomb	energy	(MARI-J)55	with	 the	corresponding	auxiliary	basis	sets56	 was	 employed.	 The	 optimized	 structures	 were	 visualized	 using	 Cylview	(http://www.cylview.org/).	
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HPLC	Conditions.	NAz	+	G	+	UV:	NAz	(15	mg,	0.101	mmol)	and	guanosine	(30	mg,	0.106	mmol)	was	dissolved	in	1	mL	wet	DMSO,	and	the	samples	were	illuminated	by	UV	lamp	(20	W,	300–320	nm)	for	over	1	h.	Then,	a	10-μL	sample	was	taken	and	resuspended	in	1	mL	water	for	HPLC	analysis.	NAz	−	G	+	UV:	A	solution	of	NAz	(25	mg)	in	wet	DMSO	(1	mL)	was	illuminated	by	UV	lamp	(20	W,	300–320	nm)	over	1	h,	then	a	10-μL	sample	was	taken	and	resuspended	in	1	mL	water	for	HPLC	analysis.	NAz	+	G	−	UV:	NAz	(15	mg,	0.101	mmol)	and	guanosine	(30	mg,	0.106	mmol)	was	dissolved	in	1	mL	wet	DMSO.	After	1	h	in	dark,	a	10-μL	sample	was	taken	and	resuspended	in	1	mL	water	for	HPLC	analysis.		
Synthesis	
	Nicotinoyl	azide	(1).	To	an	ice-cooled	suspension	of	nicotinic	acid	(3)	(3.00	g,	24.4	mmol)	and	DMF	(2	drops)	in	dry	DCM	(30	mL)	wad	added	oxalyl	chloride	(3.13	mL,	36.6	mmol)	dropwise.	The	resulting	reaction	mixture	was	stirred	at	room	temperature	for	1	h	and	then	concentrated	under	reduced	pressure	to	afford	a	dark	brown	solid,	which	was	then	used	for	next	 step	without	 further	purification.	To	an	 ice-cooled	 suspension	of	 above	dark	brown	solid	in	dry	THF	(30	mL)	was	added	a	solution	of	sodium	azide	(4.76	g,	73.2	mmol)	in	water	(15	mL)	and	the	reaction	mixture	was	then	stirred	at	room	temperature	for	1	h.	The	resulting	reaction	mixture	was	then	cooled	down	to	0	°C	and	quenched	by	concentrated	HCl	(5	mL)	slowly.	Saturated	NaHCO3	(aq.)	was	added	to	the	resulting	solution	until	pH	=	8,	which	was	
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then	extracted	with	EtOAc	(30	mLx2),	dried	over	MgSO4,	concentrated,	and	purified	by	flash	chromatography	on	silica	gel	to	afford	nicotinoyl	azide	1	as	a	white	solid	(2.20	g,	61%	yield	from	3).	1H	NMR	(500	MHz,	d6-DMSO)	δ	7.62	(dd,	J	=	8,	5	Hz,	1	H),	8.30	(ddd,	J	=	8,	1.5,	1.5	Hz,	1	H),	8.88	(dd,	J	=	4.5,	1.5	Hz,	1	H),	9.09	(d,	J	=	1.5	Hz,	1	H);	13C	NMR	(125	MHz,	d6-DMSO)	δ	124.2,	126.2,	136.7,	149.7,	154.9,	171.1.	The	1H	and	13C	NMR	spectra	were	identical	to	those	reported57.	
	
	
N2-(Bis-Boc)-O6-(tert-butyl)-8-(bromo)-2’,3’,5’-tri-O-(acetyl)	guanosine	 (6).	To	a	solution	of	(2R,3R,4R,5R)-2-(acetoxymethyl)-5-(2-amino-8-bromo-6-oxo-1,6-dihydro-9H-purin-9-yl)tetrahydrofuran-3,4-diyl	 diacetate	 (5)58	 (2.10	 g,	 4.30	 mmol)	 and	 Di-tert-butyl	decarbonate	(5.63	g,	25.8	mmol)	in	anhydrous	THF	(20	mL)	was	added	DMAP	(525	mg,	4.30	mmol)	at	room	temperature	and	the	solution	was	stirred	at	room	temperature	for	7	h.	The	resulting	 solution	was	diluted	with	brine	and	extracted	with	EtOAc	 twice.	The	 combined	organic	 layers	were	dried	over	MgSO4,	 concentrated,	and	purified	by	chromatography	on	silica	gel	(DCM/EtOAc)	to	furnish	6	as	yellowish	solid	(1.90	g,	59%	yield).	1H	NMR	(600	MHz,	CDCl3)	δ	6.20	(dd,	J	=	6,	4.2	Hz,	1	H),	6.10	(d,	J	=	4.8	Hz,	1	H),	5.74	(dd,	J	=	6,	6	Hz,	1	H),	4.48	(dd,	J	=	12,	4.2	Hz,	1	H),	4.38	(dd,	J	=	10.2,	6.6	Hz,	1	H),	4.30	(dd,	J	=	12,	6.6	Hz,	1	H),	2.13	(s,	3	H),	2.07	(s,	3	H),	2.06	(s,	3	H),	1.68	(s,	9	H),	1.42	(s,	18	H)	ppm;	13C	NMR	(150	MHz,	CDCl3)	δ	170.6,	169.3,	169.2,	160.0,	152.7,	151.1,	150.6,	129.3,	121.5,	88.9,	84.8,	83.3,	80.5,	72.2,	71.0,	
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63.6,	 28.4,	 28.0,	 20.8,	 20.6,	 20.5	 ppm.	 HRMS	 (ESI)	 calcd	 for	 C30H42BrN5O12Na	 [(M+Na)+]	766.1911	and	768.1897,	found	766.1898	and	768.1887.			
	
N2-(Bis-Boc)-O6-(tert-butyl)-8-(azido)-2’,3’,5’-tri-O-(acetyl)	 guanosine	 (7).	 To	 a	 solution	 of	compound	6	(1.90	g,	2.41	mmol)	in	anhydrous	THF	(12	mL)	was	added	azidotrimethylsilane	(1.58	mL,	12.0	mmol)	and	TBAF	(1.0	M	in	THF,	12	mL,	12	mmol)	at	room	temperature,	and	then	the	solution	was	allowed	to	heated	to	70	oC	and	stirred	at	70	oC	overnight.	The	resulting	solution	was	then	cooled	down	to	room	temperature	and	diluted	with	EtOAc,	washed	with	brine,	 dried	 over	 MgSO4,	 concentrated	 to	 afford	 a	 residual	 oil,	 which	 was	 purified	 by	chromatography	on	silica	gel	(EtOAc/Hex)	to	generate	7	as	a	white	foam	(1.18	g,	65%	yield).	
1H	NMR	(400	MHz,	d6-DMSO)	δ	5.94	(dd,	J	=	5.0,	5.0	Hz,	1	H),	5.90	(d,	J	=	4.3	Hz,	1	H),	5.57	(dd,	J	=	5.5,	5.5	Hz,	1	H),	4.38-4.30	(m,	2	H),	4.16	(dd,	J	=	13,	6.9	Hz,	1	H),	2.09	(s,	3	H),	2.04	(s,	3	H),	1.98	(s,	3	H),	1.64	(s,	9	H),	1.39	(s,	18	H)	ppm.	13C	NMR	(125	MHz,	d6-DMSO)	δ	169.9,	169.3,	158.3,	152.0,	150.3,	149.4,	147.1,	118.2,	85.2,	83.8,	82.8,	79.2,	71.3,	69.8,	62.9,	27.9,	27.3,	 20.35,	 20.28,	 20.22	ppm.	HRMS	 (ESI)	 calcd	 for	 C30H42N8O12Na	 [(M+Na)+]	 729.2820,	found	729.2846.	
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N2-(Bis-Boc)-O6-(tert-butyl)-8-(azido)	guanosine	(8).	To	an	ice-cold	solution	of	compound	7	(1.18	g,	1.57	mmol)	in	MeOH	(10	mL)	was	added	a	solution	of	NaOH	(189	mg,	4.72	mmol)	in	DI	water	(10	mL)	and	resulting	solution	was	stirred	at	0	oC	for	10	min	and	then	extracted	with	EtOAc	twice.	The	combined	organic	layers	were	washed	with	brine,	dried	over	MgSO4,	filtered,	concentrated	to	afford	a	compound	8	as	a	white	foam	(1.04	g,	quant.).	1H	NMR	(500	MHz,	d6-DMSO)	δ	5.64	(d,	J	=	5.9	Hz,	1	H),	5.45	(d,	J	=	5.9	Hz,	1	H),	5.20	(d,	J	=	5.2	Hz,	1	H),	4.85-4.77	(m,	2	H),	4.19-4.11	(m,	1	H),	3.87	(dt,	J	=	4.7,	4.7	Hz,	1	H),	3.64-3.56	(m,	1	H),	3.49-3.41	(m,	1	H),	1.63	(s,	9	H),	1.42	(s,	18	H)	ppm.	13C	NMR	(125	MHz,	d6-DMSO)	δ	158.3,	152.3,	150.5,	149.1,	147.7,	118.5,	87.8,	86.1,	83.7,	82.9,	71.2,	70.5,	61.9,	28.0,	27.4	ppm.	HRMS	(ESI)	calcd	for	C24H36N8O9Na	[(M+Na)+]	603.2503,	found	603.2495.	
	
N2-(Bis-Boc)-O6-(tert-butyl)-8-(azido)-2’,3’,5’-tri-O-(tertbutyldimethylsilyl)	guanosine	(9).	To	a	 solution	of	 starting	material	8	 (1.04	 g,	 1.67	mmol)	 and	 tert-butyldimethylsilyl	 chloride	(1.25	g,	8.33	mmol)	in	anhydrous	THF	(20	mL)	was	added	imidazole	(1.14	g,	16.7	mmol)	at	room	temperature.	The	solution	was	stirred	at	room	temperature	for	12	h	and	then	to	the	
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reaction	mixture	was	added	additional	tert-butyldimethylsilyl	chloride	(1.25	g,	8.33	mmol)	and	imidazole	(1.14	g,	16.7	mmol).	The	resulting	reaction	mixture	was	warmed	up	to	40	oC	and	further	stirred	at	40	oC	for	12	h.	After	the	reaction	mixture	was	cooled	down	to	room	temperature,	brine	was	added	to	quench	the	reaction,	which	was	then	extracted	by	EtOAc	twice.	The	combined	organic	layers	were	dried	over	MgSO4,	filtered,	concentrated	to	afford	a	residue,	which	was	purified	by	chromatography	on	silica	gel	(EtOAc/Hexane)	to	produce	9	as	pale	yellow	oil	(1.18	g,	71%	yield).	1H	NMR	(500	MHz,	CDCl3)	δ	5.77	(d,	J	=	5.8	Hz,	1	H),	5.05	(dd,	J	=	5.6,	4.7	Hz,	1	H),	4.42	(dd,	J	=	4.3,	2.9	Hz,	1	H),	4.08-3.98	(m,	2	H),	3.64	(dd,	J	=	10,	4.5	Hz,	1	H),	1.71	(s,	9	H),	1.37	(s,	18	H),	0.94	(s,	9	H),	0.89	(s,	9	H),	0.82	(s,	9	H),	0.133	(s,	3	H),	0.128	(s,	3	H),	0.053	(s,	3	H),	0.046	(s,	3	H),	-0.07	(s,	3	H),	-0.33	(s,	3	H)	ppm;	13C	NMR	(125	MHz,	CDCl3)	δ	159.2,	152.6,	150.5,	149.7,	148.2,	119.6,	88.1,	85.6,	84.1,	82.8,	72.7,	72.3,	63.4,	28.4,	28.1,	26.1,	26.0,	25.8,	18.5,	18.2,	18.0,	-4.3,	-4.5,	-4.6,	-4.8,	-5.2,	-5.3	ppm.	HRMS	(ESI)	calcd	for	C42H78N8O9Si3Na	[(M+Na)+]	945.5097,	found	945.5103.					
	
N2-(Bis-Boc)-O6-(tert-butyl)-8-(amino)-2’,3’,5’-tri-O-(tertbutyldimethylsilyl)	 guanosine	 (10).	To	a	solution	of	starting	material	9	(1.18	g,	1.28	mmol)	in	MeOH	(30	mL)	was	added	Et3N	dropwise	until	pH	=	8.	To	the	resulting	solution	was	added	1,4-Dithiothreitol	(941	mg,	6.10	mmol)	portionwise	and	the	solution	was	continued	to	stir	for	10	min	and	concentrated	under	reduced	pressure	to	afford	a	residue,	which	was	purified	by	chromatography	on	silica	gel	(Hexane/EtOAc)	to	furnish	10	as	white	foam	(1.12	g,	98%	yield).	1H	NMR	(400	MHz,	CDCl3)	
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δ	6.03	(d,	J	=	6	Hz,	1	H),	5.50	(s,	2	H),	4.69	(dd,	J	=	5.2,	5.2	Hz,	1	H),	4.22	(dd,	J	=	4.8,	2.8	Hz,	1	H),	4.08-4.04	(m,	1	H),	3.95	(dd,	J	=	11,	2	Hz,	1	H),	3.78	(dd,	J	=	12,	2	Hz,	1	H),	1.65	(s,	9	H),	1.37	(s,	18	H),	0.91	(s,	9	H),	0.90	(s,	9	H),	0.78	(s,	9	H),	0.11	(s,	6	H),	0.09	(s,	3	H),	0.07	(s,	3	H),	-0.12	(s,	3	H),	 -0.24	(s,	3	H)	ppm;	13C	NMR	(100	MHz,	CDCl3)	δ	157.5,	153.3,	152.9	151.2,	147.8,	118.9,	87.1,	85.6,	82.5,	82.4,	72.6,	72.3,	63.3,	28.7,	28.1,	26.13,	26.08,	26.04,	18.8,	18.3,	18.1,	 -4.18,	 -4.47,	 -4.56,	 -4.67,	 -5.16,	 -5.45	 ppm.	 HRMS	 (ESI)	 calcd	 for	 C42H80N6O9Si3Na	[(M+Na)+]	919.5192,	found	919.5190.				
	
N2-(Bis-Boc)-O6-(tert-butyl)-8-(nicotinamido)-2’,3’,5’-tri-O-(tertbutyldimethylsilyl)	
guanosine	(11).	To	a	solution	of	starting	material	10	(496	mg,	0.552	mmol),	nicotinic	acid	(195	 mg,	 1.58	 mmol),	 and	 (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium	hexafluorophosphate	(699	mg,	1.58	mmol)	in	anhydrous	THF	(8	mL)	was	added	dry	triethyl	amine	 (0.33	mL,	 2.4	 mmol)	 under	 flow	 of	 nitrogen.	 The	 resulting	 reaction	mixture	 was	stirred	at	room	temperature	for	20	min	and	then	heated	to	80	oC	and	stirred	at	80	oC	for	26	h.	After	cooled	down	to	room	temperature,	 the	resulting	solution	was	diluted	with	brine,	extracted	with	EtOAc	twice.	The	combined	organic	layers	were	dried	over	MgSO4,	filtered,	and	 concentrated	 under	 reduced	 pressure	 to	 produce	 a	 residue,	 which	 was	 purified	 by	chromatography	on	silica	gel	(EtOAc/Hexane)	to	afford	11	as	a	white	foam	(438	mg,	79%	yield).	1H	NMR	(500	MHz,	CDCl3)	δ	12.25	(br	s,	1	H),	9.44	(s,	1	H),	8.72	(d,	J	=	4.5	Hz,	1	H),	
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8.51	(d,	J	=	7.5	Hz,	1	H),	7.36	(dd,	J	=	7.5,	5	Hz,	1	H),	6.50	(d,	J	=	5.5	Hz,	1	H),	5.15	(s,	1	H),	4.50	(dd,	J	=	3.8,	3.8	Hz,	1	H),	4.15-4.05	(m,	1	H),	4.05-3.95	(m,	1	H),	3.67	(dd,	J	=	10,	5.9	Hz,	1	H),	1.66	(s,	9	H),	1.41	(s,	18	H),	0.99	(s,	9	H),	0.88	(s,	9	H),	0.80	(s,	9	H),	0.16	(s,	3	H),	0.15	(s,	3	H),	0.04	(s,	6	H),	-0.05	(s,	3	H),	-0.27	(s,	3	H)	ppm;	13C	NMR	(125	MHz,	CDCl3)	δ	176.0,	154.5,	154.1,	152.4,	151.2,	151.0,	150.3,	149.5,	136.9,	132.5,	123.1,	106.8,	87.3,	85.5,	85.4,	83.2,	72.9,	72.1,	63.9,	28.5,	28.1,	26.1,	26.0,	25.8,	18.5,	18.2,	18.0,	 -4.2,	 -4.4,	 -4.5,	 -4.8,	 -5.1,	 -5.2	ppm.	HRMS	(ESI)	calcd	for	C48H83N7O10Si3Na	[(M+Na)+]	1024.5406,	found	1024.5416.				
	
N-(2-amino-9-((2R,3R,4S,5R)-3,4-dihydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-6-oxo-
6,9-dihydro-1H-purin-8-yl)nicotinamide	(2).	To	a	solution	of	starting	material	11	(50.0	mg,	0.0499	mmol)	in	DCM	(0.3	mL)	was	added	zinc	bromide59	and	result	suspension	was	stirred	at	 room	 temperature	 for	 26	 h,	 after	 which,	 DI	 water	 (4	mL)	 was	 added	 to	 the	 reaction	mixture.	After	further	stirring	for	4	h,	the	reaction	mixture	was	extracted	with	DCM	once	and	EtOAc	twice.	The	combined	organic	layers	were	dried	over	MgSO4,	filtered,	and	concentrated	under	 reduced	 pressure	 to	 generate	 a	 yellowish	 solid,	 which	 was	 purified	 by	chromatography	on	neutralized	silica	gel	using	DCM/MeOH	and	then	MeCN/H2O	as	eluent	to	 furnish	 a	 yellow	 solid,	 which	 was	 suspended	 in	 EtOAc	 and	 filtered.	 The	 filtrate	 was	collected	and	concentrated	to	afford	a	yellow	solid,	which	was	used	for	following	reaction	without	further	purification.	
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To	 a	 solution	 of	 above	 yellowish	 solid	 in	 DCM	 (0.5	 mL)	 was	 added	 triethylamine	trihydrofluoride60	 (0.5	 mL,	 3.07	 mmol)	 and	 resulting	 solution	 was	 stirred	 at	 room	temperature	for	24	h.	The	reaction	mixture	was	then	diluted	with	DCM	and	yellowish	solid	was	precipitated	out,	which	was	collected	by	filtration,	and	washed	with	saturated	sodium	bicarbonate	solution	(aq.),	water,	acetone,	and	DCM	to	afford	2	as	a	yellow	solid	(10.7	mg,	53%	yield).	1H	NMR	(500	MHz,	d6-DMSO)	δ	10.76	(br	s,	1	H),	9.30	(s,	1	H),	8.68	(s,	1	H),	8.40	(d,	J	=	7	Hz,	1	H),	7.46	(s,	1	H),	6.57	(br	s,	2	H),	6.34	(s,	1	H),	5.46	(d,	J	=	5	Hz,	1	H),	5.15	(d,	J	=	3	Hz,	1	H),	5.10	(s,	1	H),	4.93	(s,	1	H),	4.26	(s,	1	H),	3.91	(s,	1	H),	3.69	(d,	J	=	5	Hz,	1	H),	3.56	(d,	J	=	4.5	Hz,	1	H).	13C	NMR	(125	MHz,	d6-DMSO)	δ	168.9,	154.1,	153.6,	151.6,	151.2,	150.0,	148.2,	 136.1,	 133.0,	 123.3,	 109.5,	 87.2,	 85.5,	 70.7,	 70.5,	 62.3	 ppm.	 HRMS	 (ESI)	 calcd	 for	C16H17N7O6H	[(M+H)+]	404.1319,	found	404.1333.	
Spectra	
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4.7	Supplementary	Data	
	 	
	 Singlet	 	 	 Triplet	
Figure	4-S1.	Optimized	Singlet	and	Triplet	Nitrene	Geometries.	The	TPSS-D3/def2-TZVP	Optimized	Geometries	of	Singlet	and	Triplet	Nitrenes.	
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Figure	4-S2.	Computed	Reaction	Pathways	for	Singlet	(S1)	and	Triplet	(T0)	Electronic	
States.	A.	Nucleophilic	attack	from	N7	to	nitrenium	N,	and	B.	direct	electrophilic	aromatic	substitution	 from	 C8	 to	 nitrenium	 N.	 Energies	 are	 in	 kcal/mol	 and	 are	 based	 on	 TPSS-D3/def2-QZVP/COSMO//TPSS-D3/def2-TZVP	calculations.		
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Figure	 4-S3.	 TRIR	 Spectra	 Generated	 by	 the	 Photolysis	 of	 NAz	 (λex=273	 nm)	 in	
Chloroform	in	Spectral	Windows	of	A.	2200-2050	cm-1,	B.	2310-2185	cm-1	and	C.	1710-1620	cm-1	D.	1765-1680	cm-1.	The	normalized	steady	state	IR	absorption	spectrum	(FTIR)	of	NAz	is	shown	as	a	dotted	line.		
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Figure	4-S4.	TRIR	Spectra	Generated	by	the	Photolysis	of	NAz	(λex=273	nm)	in	Carbon	
Tetrachloride	Spectral	Windows	of	(a)	2310-2200	cm-1	in	carbon	tetrachloride,	(b)	1770-1680	cm-1	in	carbon	tetrachloride,	(c)	1775-1685	cm-1	in	acetonitrile	and	(d)	1710-1625	cm-
1	 in	 acetonitrile.	 (e)	 TRIR	 spectra	 generated	 by	 the	 photolysis	 of	 NAz	 (λex	 =	 273	 nm)	 in	spectral	window	of	1770-1680	cm-1	in	carbon	tetrachloride	and	(f)	nitrene	formation	from	higher	singlet	excited	state	(Sn,	where	n≥2).		
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Figure	4-S5.		Steady	State	Photolysis	of	NAz	(i)	the	formation	of	oxadiazole	in	acetonitrile-d3	and	(ii)	isocyanate	band	in	chloroform.		
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Figure	4-S6.		Kinetic	Traces	from	Photolysis	of	NAz.	(a)	Kinetics	trace	at	the	2105	cm-1	(S1	state	of	the	azide)	produced	upon	photolysis	of	NAz	in	chloroform	((lex	=	273	nm).	(b)	Kinetic	 trace	 at	 the	N3	 bleaching	 band	 (2134	 cm-1)	 produced	 upon	 photolysis	 of	 NAz	 in	chloroform	((lex	=	273	nm).	Kinetic	traces	for	the	formation	of	isocyanate	produced	upon	photolysis	(λex=	273	nm)	of	NAz	in	(c)	chloroform	at	2265	cm-1	and	(d)	CCl4	at	2263	cm-1.		
	
	
Figure	4-S7:	Analysis	of	NAz	Reactivity	with	Guanosine.	a.	 1H	NMR	demonstrates	 that	without	 light	 there	 is	no	reaction	between	guanosine	and	NAz.	b.	NAz	can	acylate	 the	5’-position	 on	 ribose.	We	 note	 that	we	would	 not	 observe	 this	 in	 our	 experiments	 of	 RNA	
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structure	probing.	Samples	preparation:	NAz+5’GMP:	NAz	(29.6	mg,	0.200	mmol)	and	5’GMP	(40.7	mg,	0.100	mmol)	were	dissolved	in	1	mL	DMSO	and	10	mL	pure	water	and	incubated	at	rt	for	1	h.	NAz+G:	NAz	(29.6	mg,	0.200	mmol)	and	guanosine	(28.3	mg,	0.100	mmol)	were	dissolved	in	1mL	DMSO	and	10	mL	pure	water	and	incubated	at	rt	for	1	h.	HPLC	gradients:	0-2	min,	0.1	M	Et3N/AcOH	buffer;	2-35	min,	0%-40%	acetonitrile.	1.00	mL/min	flow	rate.	All	samples	were	not	treated	with	UV.	
	
Figure	4-S8:	Incubation	of	Guanosine	with	Isocyanate	Lacks	Formation	of	an	Adduct.	HPLC	sample	preparation:	10	µL	of	guanosine	stock	(30	mg,	0.106	mmol	in	1	mL	DMSO)	was	added	into	1	mL	water;	10	µL	of	pyridine-3-isocyanate	stock	(24	mg,	0.200	mmol	in	1	mL	DMSO)	was	added	into	1	mL	water;	The	above	two	solutions	of	guanosine	and	pyridine-3-
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isocyanate	were	mixed	and	 incubated	at	room	temperature	 for	1	h	and	then	analyzed	by	HPLC.	HPLC	gradients:	MeCN	was	set	from	0	(2	min)	to	30%	(38	min).	The	HPLC	was	run	at	room	temperature	with	flow	rate	1.00	mL/min.	
	
Figure	4-S9:	Structural	Schematic	of	the	SAM-I	Riboswitch.	The	SAM-I	aptamer	core	is	highly	 conserved	 and	 comprised	 of	 four	 helical	 regions	 (P1–P4)	 centered	 on	 a	 four-way	junction	with	three	joining	regions	(J1/2,	J3/4,	and	J4/1).	The	helices	form	two	coaxial	stacks	(P1/P4	 and	 P2/P3)	 that	 are	 organized	 through	 a	 set	 of	 tertiary	 interactions	 involving	 a	pseudoknot	(PK)	between	L2	and	J3/4,	a	base	triple	tying	together	L2,	J3/4	and	J4/1,	and	several	 long-range	 interactions	 involving	 base	 triples	 between	 J1/2	 and	 J3/4	 and	 paired	regions.	
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Figure	4-S10:	Longer	Light	Incubation	Results	in	More	Adduct	Formation.	Denaturing	Gel	electrophoresis	demonstrating	the	increase	in	adduct	formation	as	a	result	of	increase	light	exposure.			
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Figure	 4-S11:	 NAz	 Reactivity	 is	 Quenched	 with	 Removal	 of	 Light.	 	 Denaturing	 gel	electrophoresis	demonstrates	that	there	are	no	further	adduct	formation	after	light	exposure	of	3	minutes.	Samples	were	incubated	at	room	temperature	for	times	indicated	after	light	exposure	before	ethanol	precipitation.		
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Figure	4-S12:	Analysis	of	NAz	Reactivity	on	the	SAM-I	Crystal	Structure.	Residues	are	color	coded	by	their	NAz	reactivity.	Solvent	is	contoured	to	5	angstroms.	C25	is	colored	in	cyan	so	it	stands	out;	C25	is	not	reactive	with	NAz.	
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Figure	4-S13:	Comparative	Analysis	of	(+/-	SAM	Ligand)	Between	LASER	and	SHAPE.	Denaturing	gel	PAGE	gel	 showing	LASER	and	SHAPE	reactivity	 from	 the	addition	of	SAM	ligand.	Concentration	of	SAM	ligand	was	1	mM	final.		
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Figure	4-S14:	Comparative	Mapping	of	Different	Reagents	to	the	SAM-I	Riboswitch.		a)	LASER	difference	map	(+/-)	SAM.	b)	SHAPE	difference	map	(+/-)	SAM;	Figure	S11.	c)	DMS	difference	map	(+/-)	SAM33;	d)	OH	radical	difference	map	(+/-)	SAM.	
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Figure	4-S15:	Modifications	Mapped	onto	a	Model61	of	the	18s	rRNA	using	Primer	1.		NAz	differences	between	in	vitro	and	in	vivo	mapped	onto	a	predicted	secondary	structure	of	18s	rRNA.	
	
	
Figure	4-S16:	Modifications	Mapped	onto	a	Model61	of	the	18s	rRNA	using	Primer	2.		NAz	differences	between	in	vitro	and	in	vivo	mapped	onto	a	predicted	secondary	structure	of	18s	rRNA.	
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Supplementary	Table	4-S1.	Relative	energies	(∆E)	and	Gibbs	free	energies	(∆G)	for	
the	singlet	and	triplet	nitrenes	using	different	methods.	Energies	are	given	in	
kcal/mol.	Energies	are	for	Supplementary	Figure	4-S1.	Method	 Basis	set	 Solvation	 DE(S-T)	 DG(S-T)	TPSS-D3	 def2-SVP	 Gas-phase	 3.4	 3.9	TPSS-D3	 def2-TZVP	 Gas-phase	 0.0	 0.5	TPSS-D3	 def2-QZVP	 Gas-phase	 -0.1	 0.4	TPSS-D3	 def2-QZVP	 Water	 -1.0	 -0.6	TPSSh-D3	 def2-QZVP	 Gas-phase	 3.5	 4.0		
Supplementary	Table	4-S2.	Relative	energies	(∆E)	and	Gibbs	free	energies	(∆G)	for	
the	singlet	and	triplet	nitreniums	using	different	methods.	Energies	are	given	in	
kcal/mol.	Energies	are	for	Supplementary	Figure	1.	Method	 Basis	set	 Solvation	 DE(S-T)	 DG(S-T)	TPSS-D3	 def2-TZVP	 Gas-phase	 1.7	 1.7	TPSS-D3	 def2-QZVP	 Gas-phase	 1.7	 1.7	TPSS-D3	 def2-QZVP	 Water	 1.1	 1.1	TPSSh-D3	 def2-QZVP	 Gas-phase	 1.4	 1.4					
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Supplementary	Table	4-S3.	Relative	Gibbs	Free	Energies	for	the	Studied	Reaction	
Pathways	using	Different	Methods.	Energies	are	given	in	kcal/mol.	Energies	are	for	
Supplementary	Figure	4-S2.		 TPSS-D3/def2-QXVP/COSMOa	 TPSS-D3/def2-QZVPa	 TPSS-D3/def2-TZVP	 TPSSh-D3/def2-QZVPa	12a-singlet	 1.8	 0.8	 0.8	 0.9	12a-triplet	 0.0	 0.0	 0.0	 0.3	12b-singlet	 0.9	 0.9	 0.8	 0.1	12b-triplet	 1.1	 0.6	 0.5	 0.0	TS1-13a-singlet	 4.4	 3.0	 3.1	 2.9	TS1-13a-triplet	 22.0	 20.0	 20.0	 20.6	TS1-13b-singlet	 1.6	 2.2	 2.1	 1.8	TS1-13b-triplet	 10.1	 8.3	 8.2	 11.2	13a-singlet	 -39.1	 -43.0	 -43.0	 -46.3	13a-triplet	 17.1	 15.0	 15.1	 13.3	13b-singlet	 -42.5	 -37.5	 -37.5	 -40.3	13b-triplet	 2.7	 0.8	 0.7	 0.8	
aEnergies	are	based	on	single-point	correction	to	TPSS-D3/def2-TZVP	optimized	structures	
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Supplementary	Table	4-S4.	Vibrational	Frequencies	for	Nicotinoyl	Nitrene	S0	
CASSCF(12e/11o)/6-31G*	122.82	 202.69	 207.77	 390.35	 461.52	 478.62	549.75	 600.79	 655.55	 672.66	 761.95	 831.07	919.28	 1024.27	 1054.24	 1087.98	 1101.30	 1116.98	1162.46	 1215.64	 1270.85	 1325.32	 1427.20	 1496.04	1570.11	 1626.98	 1727.86	 1752.13	 1913.46	 3384.09	3387.02	 3394.94	 3408.58	 	 	 	
	
Supplementary	Table	4-S5.	Vibrational	Frequencies	for	Nicotinoyl	Nitrene	T	
CASSCF(12e/11o)/6-31G*	156.87	 227.25	 231.42	 406.80	 469.95	 494.87	528.92	 660.78	 697.06	 722.00	 780.66	 830.61	913.67	 1028.01	 1063.72	 1086.77	 1094.93	 1112.10	1157.33	 1165.77	 1230.23	 1321.25	 1375.13	 1488.62	1555.54	 1635.35	 1725.02	 1734.65	 1762.52	 3381.13	3394.48	 3399.45	 3415.60	 	 	 		
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Supplementary	Table	4-S6.	Vibrational	Frequencies	for	Nicotinoyl	Nitrene	S0	
B3LYP/6-311++G**	55.66	 83.78	 117.51	 179.76	 225.47	 342.47	393.13	 435.01	 469.04	 526.51	 567.53	 633.03	711.65	 726.83	 737.20	 841.95	 869.39	 958.88	995.15	 1005.06	 1014.78	 1042.72	 1066.50	 1134.41	1221.87	 1256.62	 1290.45	 1295.84	 1359.02	 1449.26	1506.19	 1606.09	 1627.93	 1743.84	 2280.49	 3154.66	3183.50	 3188.71	 3202.87	 	 	 		
Supplementary	Table	4-S7.	Vibrational	Frequencies	for	Nicotinoyl	Azide	S1	TD-
B3LYP/6-	311++G**	69.26	 115.21	 119.01	 170.82	 215.74	 333.30	419.81	 456.46	 471.45	 485.59	 508.19	 565.20	627.73	 633.35	 670.43	 691.11	 822.59	 851.54	861.69	 943.16	 973.30	 978.92	 1027.56	 1083.57	1146.37	 1220.21	 1238.85	 1275.01	 1304.12	 1344.49	1445.93	 1494.22	 1564.44	 1649.36	 2240.14	 3190.82	3193.53	 3208.92	 3248.46	 	 	 	
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Supplementary	Table	4-S8.	Vertical	Excitations	for	Nicotinoyl	Azide	TD-B3LYP/6-
311++G**	Excited	State	 Excitation	Wavelength	(nm)	 Oscillator	Strength	S1	 318.48	 0.0004	S2	 287.65	 0.0000	S3	 260.59	 0.2022	S4	 255.17	 0.0033	S5	 250.4	 0.0005	S6	 245.62	 0.0130	S7	 236.74	 0.1082	S8	 231.68	 0.0738	S9	 221.54	 0.0002	S10	 214.15	 0.0959	
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Supplementary	Dataset	4-S1	Optimized	Coordinates	of	all	structures	presented	in	
Figures	4-S1	&	4-S2 
	
1a-singlet 1a-triplet
X Y Z X Y Z
N -1.1832177 0.1694128 1.7721268 N -1.1661493 0.148292 1.7256174
N 1.3687581 -1.1244702 0.7693263 N 1.4001587 -1.1086929 0.7894954
C 1.9835833 0.0097838 0.3212311 C 2.0209537 0.011778 0.3333568
O 1.3131407 1.0528592 0.1530004 O 1.346607 1.0537816 0.150974
C -0.9754884 1.4516469 1.4228871 C -0.9641891 1.4337637 1.384398
N -1.7654158 1.8742321 0.3924789 N -1.7726025 1.8640758 0.3717035
C -2.5265197 0.7851819 0.0272369 C -2.5421828 0.7782477 0.0126679
C -2.1326523 -0.2582109 0.9195644 C -2.1327551 -0.2720279 0.8878621
C -2.7405402 -1.5657393 0.7720144 C -2.7490178 -1.5760511 0.7458566
N -3.709715 -1.5373755 -0.2961397 N -3.7407572 -1.536635 -0.3010365
C -4.0135471 -0.4629065 -1.0788164 C -4.0571328 -0.4556964 -1.0702287
N -3.4230052 0.7429479 -0.9476347 N -3.4596825 0.7466237 -0.9434522
C -1.7376564 3.1818537 -0.2748292 C -1.7637419 3.1798366 -0.2797967
N -4.9397302 -0.5838383 -2.0392012 N -5.0044786 -0.5678211 -2.0112146
O -2.5386453 -2.5916952 1.3843588 O -2.539719 -2.6065794 1.3482495
C 3.3999334 -0.0920602 -0.0926366 C 3.4373973 -0.0881831 -0.0768295
C 4.1535592 1.0619597 -0.3451102 C 4.1905832 1.0643411 -0.3370367
C 5.4863821 0.9233836 -0.7082766 C 5.5224753 0.9223099 -0.7029676
C 6.0188913 -0.3672028 -0.8074832 C 6.0544551 -0.3691458 -0.791829
N 5.2998776 -1.4697754 -0.5666324 N 5.3347154 -1.470596 -0.546283
C 4.0211095 -1.3480383 -0.2201781 C 4.0561436 -1.3456314 -0.2005377
H 7.0576866 -0.5244094 -1.0887615 H 7.094993 -0.52837 -1.0654828
H 3.4614271 -2.2643385 -0.0477937 H 3.4931215 -2.2602015 -0.0291951
H 6.1098152 1.7881359 -0.9106347 H 6.1464551 1.785667 -0.9096056
H 3.6902754 2.0391204 -0.2499423 H 3.7300395 2.0430832 -0.2447616
H 0.7004456 -0.9458991 1.536688 H 0.7048063 -0.9233633 1.5312925
H -0.2850665 2.1160175 1.9208468 H -0.2680338 2.0948844 1.8783349
H -5.4460364 -1.4399777 -2.2178631 H -5.5176414 -1.4211174 -2.1836667
H -5.1444006 0.2296973 -2.6055108 H -5.2190749 0.2499488 -2.5675732
H -4.1736373 -2.4305767 -0.4462573 H -4.2124336 -2.4266834 -0.44597
H -2.748818 3.4290006 -0.5995344 H -2.7787271 3.4154555 -0.600613
H -1.0677765 3.1361166 -1.1366226 H -1.0950109 3.1547848 -1.1432817
H -1.381277 3.9277839 0.4359478 H -1.4178351 3.9225416 0.4394025
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1b-singlet 1b-triplet
X Y Z X Y Z
C 0.4202768 -2.3566954 1.0352118 C 0.4522005 -2.2653978 1.1822256
N 2.3016092 -1.6181313 -0.8904004 N 2.5331523 -1.5759841 -0.6851207
C 2.7865009 -0.4301006 -0.4252103 C 2.9214135 -0.3278841 -0.3009269
C 1.9827486 0.7992409 -0.5572126 C 2.0279152 0.8267233 -0.4936832
C 0.8071483 0.806463 -1.3217104 C 0.8705766 0.7081273 -1.2756127
N 0.0041139 1.8728271 -1.4359255 N -0.0062346 1.7045874 -1.4557024
C 0.3911204 2.9942592 -0.8030786 C 0.2838283 2.8808205 -0.8720998
C 1.5585527 3.0969344 -0.0398073 C 1.4239703 3.1075439 -0.0952839
C 2.3680429 1.9759191 0.0951284 C 2.3123761 2.0588637 0.1064542
N 0.3513395 -1.1922576 1.7055976 N 0.2913876 -1.0834393 1.8005488
C -0.6916736 -0.5576665 1.1533511 C -0.7608902 -0.5281972 1.1800525
C -1.2946545 -1.354075 0.1167347 C -1.2698233 -1.391675 0.149102
N -0.5579306 -2.5138838 0.0886848 N -0.4666765 -2.5064224 0.1934169
C -1.2369631 0.7662081 1.4082558 C -1.3906724 0.7686701 1.3638367
N -2.3778949 1.0020318 0.5658248 N -2.5042483 0.9095036 0.4652212
C -2.8298018 0.1799327 -0.420181 C -2.8652559 0.0288092 -0.5082148
N -2.309604 -1.0452708 -0.6678901 N -2.2654533 -1.1698518 -0.6894126
C -0.6978994 -3.6153928 -0.8714617 C -0.5105157 -3.6547498 -0.7205377
N -3.8471177 0.5654411 -1.1943232 N -3.8696212 0.3284576 -1.3365785
O -0.8575326 1.6252773 2.1737611 O -1.0965735 1.6734234 2.1146031
O 3.8355793 -0.5036799 0.2487991 O 3.9855801 -0.2858456 0.3534604
H -0.2700967 3.8515514 -0.9101942 H -0.4368304 3.6799322 -1.0322656
H 0.5041651 -0.0881622 -1.8621908 H 0.6461406 -0.2316815 -1.7768655
H 3.2716827 1.9916141 0.6966569 H 3.2013604 2.1724661 0.719272
H 1.8105674 4.0327404 0.4477901 H 1.5955096 4.0816771 0.3503555
H -2.7801897 1.9293208 0.6807261 H -2.9681145 1.8122083 0.5344753
H -4.2841969 1.4743949 -1.1248957 H -4.3646832 1.2094611 -1.3132748
H -4.1500128 -0.0639885 -1.9274067 H -4.1063152 -0.342481 -2.0568997
H 1.1419441 -3.1343292 1.244018 H 1.2055366 -2.9933214 1.4493623
H -1.7212764 -3.613572 -1.2463468 H -1.4727039 -3.6424629 -1.2322327
H -0.4895547 -4.5577706 -0.3635642 H -0.4067976 -4.5760885 -0.1456003
H 0.0046408 -3.4659032 -1.6949418 H 0.3015172 -3.5677611 -1.4463697
H 3.0793889 -2.2688394 -1.0625345 H 3.3491332 -2.1830296 -0.8359948
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2a-singlet 2a-triplet
X Y Z X Y Z
N -0.2874195 0.7316111 0.3675316 N -0.3309914 0.6289207 0.100643
N 0.9520608 0.1338941 0.5150201 N 0.9008104 0.0626867 0.12426
C 2.1075552 0.8637422 0.1632834 C 2.0386545 0.8499608 -0.1236474
O 2.0540981 2.0826487 0.082724 O 1.9026556 2.0487233 -0.3438853
C -0.6431147 2.0054409 0.5898574 C -0.6454069 2.02408 0.4537347
N -1.9724048 2.1365407 0.3237971 N -2.0488385 2.0748981 0.3774228
C -2.470236 0.9062415 -0.0741605 C -2.5597527 0.8591559 0.0369256
C -1.4043863 0.0238419 -0.0442952 C -1.4868642 -0.0596338 -0.0902907
C -1.5522606 -1.3506157 -0.3843256 C -1.6979101 -1.4262109 -0.3704072
N -2.9023522 -1.5946717 -0.7461747 N -3.0989103 -1.6837864 -0.5655422
C -3.9149226 -0.6506108 -0.7540701 C -4.0731438 -0.7385656 -0.4579779
N -3.7337444 0.624306 -0.4192369 N -3.8359039 0.5574438 -0.1535336
C -2.7413809 3.3901061 0.3964426 C -2.818441 3.300983 0.611256
N -5.1433916 -1.0540625 -1.1237434 N -5.3518583 -1.081732 -0.6588277
O -0.6928067 -2.22546 -0.3821345 O -0.8532902 -2.3232086 -0.4540972
C 3.3313827 0.0530674 -0.0204845 C 3.3280807 0.1326771 -0.0698122
C 4.5627993 0.7264478 -0.0313627 C 4.4627994 0.7828555 -0.5810292
C 5.7219715 -0.011964 -0.2189637 C 5.6780653 0.1143369 -0.5568817
C 5.6133461 -1.3957046 -0.3900489 C 5.7233822 -1.1762221 -0.0188239
N 4.4439606 -2.0543149 -0.4012727 N 4.6512297 -1.8053711 0.4872676
C 3.3334152 -1.3374229 -0.222553 C 3.4864219 -1.1593334 0.4622947
H 6.5014239 -2.0082734 -0.5283403 H 6.65822 -1.7307535 0.0171665
H 2.4093112 -1.9154049 -0.2703469 H 2.6503621 -1.6980663 0.9093101
H 6.6954693 0.4674826 -0.2298855 H 6.5796109 0.5785718 -0.9433381
H 4.5838996 1.8026597 0.1084389 H 4.3672335 1.785726 -0.9848932
H 0.8737828 -0.8717333 0.3446764 H 0.8705405 -0.9561237 0.0383997
H 0.0232525 2.7894601 0.9055299 H -0.1223207 2.4846811 1.2878484
H -5.360845 -2.0053212 -1.3801361 H -5.6435465 -2.0167318 -0.907293
H -5.8867144 -0.3691825 -1.1285158 H -6.0554086 -0.359808 -0.5693512
H -3.0986908 -2.557184 -1.0105013 H -3.3277245 -2.651146 -0.7794596
H -3.7655922 3.1379724 0.6708962 H -3.8759035 3.0524163 0.5257978
H -2.7293464 3.885862 -0.5767978 H -2.5463783 4.051903 -0.1340884
H -2.2954697 4.0334016 1.1551386 H -2.6051839 3.6795762 1.6145685
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2b-singlet 2b-triplet
X Y Z X Y Z
C 0.2911612 -2.0649944 0.684215 C 0.8692039 -1.7358346 0.7160076
N 1.527892 -2.3917107 0.036051 N 2.1087862 -1.697312 -0.0740993
C 2.5287049 -1.4764849 -0.3569325 C 2.7671326 -0.5549135 -0.404564
C 2.0852211 -0.0752481 -0.6221034 C 2.0573514 0.7527451 -0.3812746
C 1.0523461 0.2210435 -1.5182096 C 1.0316542 1.0231473 -1.3445486
N 0.5747611 1.4566105 -1.7139575 N 0.4105316 2.186662 -1.400997
C 1.1676552 2.457612 -1.0405659 C 0.7833343 3.153465 -0.5409456
C 2.2579282 2.275775 -0.1867058 C 1.8062014 2.9931082 0.4172327
C 2.7250624 0.9851588 0.0314269 C 2.4960858 1.8009396 0.4567986
N 0.3103047 -0.8454863 1.4977505 N 0.5097293 -0.402734 1.153205
C -0.6972872 -0.1406545 1.1271357 C -0.7387926 -0.1778734 0.6744089
C -1.467289 -0.7428667 0.0244489 C -1.2599476 -1.303792 -0.0327496
N -0.8701622 -1.8919081 -0.2539275 N -0.2922055 -2.2511688 -0.0440784
C -1.1143767 1.1941994 1.6259461 C -1.5374929 1.0125267 0.7647841
N -2.2473048 1.6579986 0.9034334 N -2.8185002 0.813289 0.1598988
C -2.8770341 0.9941017 -0.1256324 C -3.2304722 -0.328119 -0.4706728
N -2.5251151 -0.2186629 -0.5745149 N -2.4601937 -1.4145564 -0.5980892
C -1.2178292 -2.8417933 -1.3054289 C -0.4110484 -3.6096569 -0.5550997
N -3.9126694 1.589491 -0.7170762 N -4.464501 -0.3662106 -1.0004651
O -0.6076636 1.851292 2.4998917 O -1.2494661 2.103001 1.2486563
O 3.676793 -1.8556906 -0.4646314 O 3.9352051 -0.5245285 -0.7939672
H 0.7534064 3.4501415 -1.2045762 H 0.2918739 4.1145073 -0.6659113
H 0.5927769 -0.5665303 -2.112005 H 0.6973463 0.2390522 -2.0204629
H 3.5511937 0.7864512 0.7068839 H 3.3319166 1.6422745 1.1297528
H 2.7153808 3.1264174 0.3078477 H 2.0724195 3.8218013 1.0641209
H -2.5758484 2.5764718 1.1941114 H -3.4250814 1.6280539 0.2020719
H -4.2432143 2.5118633 -0.4680817 H -5.1174677 0.4008409 -0.937231
H -4.364825 1.1028303 -1.4817067 H -4.7584155 -1.2185763 -1.4575611
H 0.0437727 -2.8913565 1.3639513 H 1.0587912 -2.4002576 1.5732148
H -1.9348519 -2.3656092 -1.9747761 H -1.4110994 -3.7293926 -0.9729583
H -1.660192 -3.7416828 -0.867708 H -0.2636793 -4.3298196 0.2578046
H -0.3059713 -3.1082649 -1.8463066 H 0.3344089 -3.7863811 -1.3368103
H 1.9191527 -3.3004843 0.2693786 H 2.6787158 -2.5400381 -0.1031537
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TS1-2a-singlet TS1-2a-triplet
X Y Z X Y Z
N -0.9991444 0.249747 1.6269211 N -0.4761197 0.066985 1.1207498
N 1.1726086 -0.8140856 0.9404941 N 0.8234812 -0.5982298 0.4896488
C 1.8499192 0.2528966 0.391431 C 1.6766721 0.326417 -0.0607046
O 1.3242816 1.3512516 0.1553953 O 1.2025834 1.3924779 -0.4998515
C -0.8891353 1.55025 1.2659772 C -0.5667876 1.4671913 1.1182276
N -1.7578215 1.9117725 0.2816291 N -1.7400028 1.8704354 0.5004351
C -2.4489696 0.7638152 -0.0589662 C -2.4516501 0.7589793 0.1843868
C -1.9444487 -0.246513 0.8089651 C -1.6713378 -0.3682515 0.5999311
C -2.4745929 -1.5889644 0.6973184 C -2.1067234 -1.6995207 0.3046006
N -3.492832 -1.6269886 -0.3262182 N -3.3878538 -1.670452 -0.3428373
C -3.9087621 -0.5757133 -1.0879958 C -4.0672149 -0.5342581 -0.6906132
N -3.3965391 0.6674148 -0.9793918 N -3.6082625 0.7072981 -0.4670646
C -1.870614 3.2214357 -0.3713921 C -2.1098129 3.2603523 0.2123723
N -4.8740957 -0.7586409 -1.9993322 N -5.2544925 -0.6491501 -1.3014373
O -2.1818207 -2.5978333 1.3012768 O -1.5390909 -2.7555069 0.5262309
C 3.2528574 -0.0234317 -0.050891 C 3.1253384 0.0164982 -0.1426118
C 4.0829083 1.039316 -0.4318215 C 4.0056786 1.0118404 -0.5943876
C 5.386305 0.7566129 -0.8212775 C 5.3610478 0.7225513 -0.6783438
C 5.8097624 -0.5760783 -0.816406 C 5.7971862 -0.5543491 -0.3146199
N 5.0154417 -1.5935586 -0.4592177 N 4.9623933 -1.5153208 0.1029165
C 3.7649653 -1.3302244 -0.0879723 C 3.6615537 -1.2429263 0.1794144
H 6.8234036 -0.8414871 -1.1079245 H 6.8499976 -0.8226681 -0.3594035
H 3.1389019 -2.1817651 0.1736818 H 3.0293662 -2.0728047 0.4925972
H 6.0666898 1.5474558 -1.1204132 H 6.073128 1.468788 -1.0157798
H 3.7026076 2.0553403 -0.4131812 H 3.6148957 1.9871958 -0.8646667
H 1.3002977 -0.9630319 1.9470307 H 1.1830553 -1.2735047 1.161136
H -0.262632 2.2706455 1.7682808 H 0.0684808 2.1229523 1.689134
H -5.3267715 -1.6480175 -2.1575113 H -5.6867067 -1.5378393 -1.5114426
H -5.1646057 0.0398998 -2.5489565 H -5.7411259 0.2005835 -1.5567313
H -3.90643 -2.5482576 -0.4517556 H -3.7637676 -2.5892483 -0.563106
H -2.9146759 3.3890891 -0.6370912 H -3.0956224 3.2543228 -0.2516296
H -1.2491508 3.236117 -1.2698901 H -1.3732646 3.6923673 -0.4686303
H -1.5343329 3.9882835 0.3266729 H -2.1409976 3.8303054 1.1442457
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TS1-2b-singlet TS1-2b-triplet
X Y Z X Y Z
C 0.1099618 -2.4223946 0.8952714 C -0.0206296 0.0833779 0.0116597
N 1.9319068 -1.934401 -0.8039419 N 1.870866 -0.096362 -0.1305399
C 2.6394663 -0.8580001 -0.3077094 C 2.6850597 0.9341101 0.1046779
C 2.088363 0.4967382 -0.5108424 C 2.4094739 2.2602961 -0.5273605
C 0.9483724 0.7014911 -1.3044645 C 2.0751417 2.3082921 -1.8939118
N 0.3539544 1.8933209 -1.4547487 N 1.7683017 3.470341 -2.4567552
C 0.9246103 2.9386033 -0.8324502 C 1.808032 4.6130925 -1.7672839
C 2.0798663 2.8449247 -0.0475383 C 2.1045392 4.6405717 -0.4029701
C 2.6692527 1.5995852 0.1262074 C 2.438699 3.4426382 0.2185626
N 0.2335886 -1.276083 1.5994627 N -0.3090286 1.3355224 0.5155536
C -0.7198934 -0.482927 1.1038148 C -0.8726585 1.9944949 -0.5061696
C -1.4819921 -1.1577501 0.0827739 C -1.0175161 1.1625192 -1.6602237
N -0.9355421 -2.4139429 0.0058946 N -0.5203843 -0.0590117 -1.2973916
C -1.0364561 0.9086034 1.3926966 C -1.3064262 3.372921 -0.5968877
N -2.1551046 1.335407 0.5980694 N -1.8831385 3.6263013 -1.8932832
C -2.7779418 0.6063067 -0.3691851 C -1.9655435 2.7394045 -2.9280343
N -2.4681347 -0.6799668 -0.6515245 N -1.5198039 1.475366 -2.8500943
C -1.2772421 -3.4584591 -0.9666619 C -0.4203772 -1.2493745 -2.1378164
N -3.7568948 1.159572 -1.0893217 N -2.5093447 3.1351016 -4.0905501
O -0.4938634 1.6838385 2.1484448 O -1.231936 4.2735211 0.2172048
O 3.6205895 -1.0999531 0.4170861 O 3.7208063 0.8714453 0.8047205
H 0.429871 3.898273 -0.9664877 H 1.6117078 5.524691 -2.3266729
H 0.4988962 -0.1333339 -1.8372319 H 2.0127685 1.4106773 -2.5005339
H 3.5470459 1.4628945 0.7501121 H 2.7012935 3.4125108 1.270555
H 2.4883034 3.7301133 0.4286538 H 2.0966612 5.5781437 0.1414064
H -2.4002841 2.312965 0.7370363 H -2.2317828 4.5754545 -2.0020867
H -4.0416409 2.1245034 -0.9904377 H -2.8983872 4.0555506 -4.2348452
H -4.1909499 0.5969874 -1.8107123 H -2.5799407 2.4553463 -4.8360238
H 0.6870402 -3.3152132 1.0907763 H -0.0818885 -0.7787824 0.6691578
H -2.2692164 -3.2414957 -1.3623235 H -0.9542067 -1.0518936 -3.0675551
H -1.2807293 -4.427458 -0.4655429 H -0.8739249 -2.1012707 -1.6246983
H -0.5413277 -3.4511763 -1.7746382 H 0.6310627 -1.4633334 -2.349834
H 2.5703274 -2.7425056 -0.8376437 H 2.1721058 -0.9406977 0.3652452
nitrene_singlet nitrene_triplet
X Y Z X Y Z
C -6.4132488 4.5227412 -0.0479676 C -6.4060474 4.5300765 -0.047182
C -6.1476388 3.1518554 -0.0098082 C -6.1133266 3.1616395 -0.0102599
N -4.9112348 2.6267883 0.041384 N -4.8692925 2.6623302 0.0424099
C -3.8858028 3.480335 0.0560712 C -3.8612934 3.5418149 0.0577802
C -4.0480001 4.8742422 0.0207744 C -4.046057 4.9330264 0.0218988
C -5.3412024 5.4073476 -0.0324572 C -5.3535178 5.4342847 -0.0307886
H -6.9642729 2.4326975 -0.0206464 H -6.9166924 2.4272854 -0.023549
H -2.8890308 3.0446669 0.0976824 H -2.8577312 3.1218418 0.1001419
C -2.9046877 5.761463 0.0383148 C -2.8958515 5.8696389 0.0353941
H -5.484681 6.4836697 -0.0604664 H -5.5127129 6.5083262 -0.0584209
H -7.4367631 4.8818892 -0.0888382 H -7.4372889 4.8673953 -0.0886043
O -2.8162303 7.0832357 0.0115138 O -3.003248 7.1084708 -0.0009205
N -1.6366965 5.7848283 0.0793032 N -1.6064306 5.3696296 0.0869605
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Supplementary	Dataset	4-S2	Optimized	Coordinates	of	all	Structures	Presented	in	
Figures	4-S3	to	4-S6 
 
Coordinates for Nicotinoyl Nitrene S0 CASSCF(12e/11o)/6-31G*
(Energy = -413.341226 Hartrees,
X Y Z
C 0.514679 -1.211837 -0.000022
C -0.237993 -0.03226 -0.000022
C 0.426282 1.194476 0.000176
C 1.817603 1.182799 0.000371
C 2.475452 -0.047464 0.000353
N 1.842149 -1.220959 0.000163
H -0.125383 2.116386 0.00018
H 0.027259 -2.170267 -0.00017
H 2.380157 2.097244 0.000531
H 3.549138 -0.091514 0.000502
C -1.697449 -0.081788 -0.000228
O -2.535375 0.905485 -0.000317
N -2.604952 -0.953224 -0.000488
Coordinates for Nicotinoyl Nitrene TCASSCF(12e/11o)/6-31G*
Energy = -413.343904 Hartrees
ZPVE correction = 0.096249
X Y Z
C 0.43834 -1.190522 -0.000237
C -0.283141 0.007273 -0.000113
C 0.427728 1.212715 0.000084
C 1.8149 1.159552 0.00019
C 2.437289 -0.091856 0.000063
N 1.769367 -1.241601 -0.000157
H -0.098921 2.147806 0.000204
H -0.06766 -2.13837 -0.000389
H 2.405448 2.056505 0.000391
H 3.509533 -0.167763 0.000155
C -1.769652 0.027138 -0.000068
O -2.421851 1.051831 -0.000308
N -2.450278 -1.195345 0.000526
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Coordinates for Nicotinoyl Azide S0 B3LYP/6-311++G**
X Y Z
C 0.998236 -1.1594 0.000009
C 0.510875 0.154032 -0.000003
C 1.434263 1.204653 -0.000011
C 2.787224 0.899893 -0.000009
C 3.166688 -0.443247 0.000007
N 2.298215 -1.459454 0.000016
H 1.076749 2.227256 -0.000016
H 0.308392 -1.995877 0.000021
H 3.538373 1.680388 -0.000023
H 4.218106 -0.716396 0.000009
C -0.937061 0.479948 -0.000014
O -1.383024 1.604992 0.000028
N -1.760395 -0.688378 -0.000044
N -2.983273 -0.464164 0
N -4.102942 -0.366657 0.000016
Coordinates for Nicotinoyl Azide S1 TD-B3LYP/6-311++G**
Energy = -525.3586155 Hartrees
X Y Z
C 0.954067 -1.195354 0.000055
C 0.469329 0.160731 0.000028
C 1.479073 1.170529 -0.000025
C 2.819011 0.862555 -0.000053
C 3.244239 -0.491603 -0.000036
N 2.231799 -1.351501 0.00002
H 1.151737 2.202395 -0.000044
H 0.293757 -2.053889 0.000112
H 3.581868 1.631462 -0.000094
H 4.262729 -0.845619 -0.000056
C -0.93352 0.483379 0.00006
O -1.367922 1.640169 0.000065
N -1.771498 -0.67901 -0.000005
N -2.990702 -0.463395 -0.000031
N -4.11816 -0.362825 -0.000071
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Supplementary	Dataset	4-S3:	Calculated	C8	Solvent	Accessibility	on	SAM	RNA	LASER	(+SAM)	and	corresponding	solvent	accessibility	measurements	at	C-8.	Values	are	in	A2.	Solvent	was	contoured	to	2	angstroms.	
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Supplementary	Note	on	Nitrenium	Reactivity	We	considered	two	mechanistic	scenarios	for	the	reaction	between	electrophilic	nitrenium	ion	and	guanosine	to	form	the	observed	C8	-N	product	14	(Supplementary	Figure	4-S1).	In	scenario	(a),	the	N7-N	adduct	13a	is	formed	via	a	nucleophilic	addition	from	guanosine	N7	to	nitrenium	N	after	which	the	C8	-N	adduct	13b	 is	 formed	via	a	N7-C8	 isomerization.	 In	scenario	(b),	we	consider	direct	formation	of	C8-N	adduct	13b	via	an	electrophilic	aromatic	substitution	reaction	according	to	previous	studies62.	In	both	scenarios,	the	final	C8-N	adduct	14	 is	 formed	after	deprotonation	of	 the	 intermediate	13b	and	 is	assumed	 to	be	 the	 rate-determining	step	of	the	reaction	based	on	analogues	reaction	with	2-fluorenylnitrenium	ion	and	2’-deoxyguanosine63.	The	reaction	may	proceed	in	either	the	singlet	and	triplet	potential	energy	surfaces	(PES):	The	ground	state	of	the	nitrenium	ion	is	likely	a	triplet,	but	depending	on	 the	 rates	 of	 the	 ISC	 and	 triplet	 pathways,	 both	 spin	 states	may	be	 reactive.	 Thus,	 the	formation	of	14	may	involve	multi-state	reactivity64.	
	
	
Supplementary	Note	Figure	4.1	Computationally	studied	mechanistic	scenarios	
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The	computed	pathways	(a)	and	(b)	are	depicted	in	detail	in	Supplementary	Figure	4-S2	for	both	 spin	 states.	 Guanosine	 and	 the	 nitrenium	 ion	 can	 either	 form	 hydrogen-bonded	complexes	(12a)	yielding	N7-N	adducts,	or	stacked	complexes	(12b)	yielding	C8-N	adducts.	The	formation	of	these	complexes	from	isolated	triplet	nitrenium	and	guanosine	species	is	strongly	exergonic	(-	35	kcal/mol	at	TPSS-D3/def2-TZVP	level)	and	is	not	considered	to	limit	or	 direct	 the	 reactivity.	 All	 intermediates	 are	 also	 accessible	within	 a	 2	 kcal/mol	 energy	window.		Large	differences	between	the	reactivity	of	the	singlet	and	triplet	nitreniums	appear	in	the	transition	 state	 (TS)	 structures:	 The	 singlet	 TSs	 are	 significantly	 more	 stable	 than	 the	corresponding	 triplet	 TSs.	 For	 pathway	 (a),	 the	 barrier	 for	 N7	 -N	 bond	 formation	 is	 4.4	kcal/mol	 in	the	singlet	potential	energy	surface	(PES),	while	 the	corresponding	barrier	 is	22.0	kcal/mol	on	the	triplet	PES.	For	pathway	(b),	the	C8	-N	bond	forms	with	a	low	barrier	of	only	1.6	kcal/mol	on	the	singlet	PES,	but	the	barrier	is	10.1	kcal/mol	on	the	triplet	PESs.	In	addition,	the	triplet	reactions	are	predicted	to	be	slightly	endergonic	and	thus	reversible,	while	 the	 singlet	 reactions	 are	 strongly	 exergonic	 and	 thus	 irreversible.	 Both	 singlet	transition	states	have	open-shell	singlet	diradical	character,	and	spin	pairing	occurs	soon	after	the	TSs.		The	reaction	energies	are	rather	insensitive	to	the	computational	methodology	(Table	S3).	While	 barriers	 increase	 slightly	with	 inclusion	 of	 EXX	 (TPSS	 vs.	 TPSSh),	 the	 free	 energy	differences	between	the	reactive	transition	states	change	little,	and	the	def2-TZVP	and	def2-QZVP	results	are	nearly	 identical.	Solvation	effects,	however,	 change	 the	relative	barriers	
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slightly:	 Solvation	makes	 the	 N7	 less	 nucleophilic	 thus	 increasing	 the	 barriers	 for	 N7-N	additions,	 and	 also	 stabilizes	 the	 C8	 -N	 transition	 state	 at	 singlet	 PES	 thus	 lowering	 its	barrier.	In	summary,	these	results	support	the	mechanistic	proposal	(b),	whereby	the	C8	-N	adduct	is	formed	on	the	singlet	PES	via	an	almost	barrierless	(1.6	kcal/mol)	electrophilic	aromatic	substitution.	This	mechanism	requires	the	triplet	nitrenium	species	to	undergo	ISC	from	the	triplet	 ground	state	 to	 the	 reactive	 singlet	 state.	The	 formation	of	N7	 -N	adduct	 requires	slightly	 higher	 activation	 energy	 (4.4	 kcal/mol).	 Moreover,	 the	 N7	 -C	 8	 isomerization	 is	associated	 with	 a	 high	 activation	 energy	 barrier65,	 which	 further	 supports	 the	 direct	formation	of	the	C8	-N	adduct	13b.	If	ISC	is	slow,	the	C8	-N	could	form	at	room	temperature	reversibly	in	the	triplet	PES	with	a	reasonably	low	barrier	(10	kcal/mol)	and	undergo	ISC	later	to	form	stable	singlet	species.		
Supplementary	Notes	and	Figures	on	TRIR	Experiments	TRIR	 experimental	 set-up:	 Ultrafast	 IR	measurements	were	 performed	 using	 home-built	spectrometers	at	The	Ohio	State	University.	The	time	resolution	is	about	300	fs	for	the	TRIR	instruments.	The	absorbance	of	 the	sample	solutions	was	about	1.0	 in	a	1	mm	cell	at	 the	excitation	wavelength	(273	nm).	Sample	solutions	were	excited	in	a	stainless-steel	flow	cell	equipped	with	 2	mm	 thick	 BaF2	 front	 and	 2	mm	 thick	 CaF2	 back	windows	 for	 the	 TRIR	instrument.	After	passing	through	the	sample,	the	reference	and	probe	beam	were	spectrally	dispersed	 with	 a	 polychromator	 and	 independently	 imaged	 on	 a	 liquid-nitrogen	 cooled	HgCdTe	detector	(2	x	32	pixels.	The	pump	pulse	energy	was	≤4	μJ	at	the	sample	position,	and	the	pump	beam	diameter	(fwhm)	was	equal	to	about	250	μm.	The	entire	set	of	pump-probe	
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delay	positions	(cycle)	is	repeated	at	least	three	times,	to	observe	data	reproducibility	from	cycle	 to	 cycle.	To	avoid	 rotational	diffusion	effects,	 the	angle	between	polarization	of	 the	pump	beam	and	 the	probe	beam	was	 set	 to	 the	magic	 angle	 (54.7°).	Kinetic	 traces	were	analyzed	by	fitting	to	a	sum	of	exponential	terms.	All	experiments	were	performed	at	room	temperature.		
Time-resolved	IR	Experiments	The	 photochemistry	 of	 NAz	 was	 studied	 with	 femtosecond	 (fs)	 time-resolved	 infrared	(TRIR)	 spectroscopy	 in	 chloroform	 (CHCl3),	 carbon	 tetrachloride	 (CCl4),	 and	 acetonitrile	(MeCN)	at	ambient	temperature.	The	TRIR	spectra	obtained	after	273	nm	excitation	of	NAz	in	chloroform	reveal	the	presence	of	many	positive	and	negative	bands	as	shown	in	Figure	
4-S2.	TRIR	spectra	in	the	range	of	2200	-	2050	cm-1	(Supplementary	Figure	4-S3,4-S4,	4-
S5,4-S-6)	showed	two	ground	state	azide	bleaches	at	2180	and	2137	cm-1	corresponding	to	the	 two	 conformational	 isomers.	 These	 ground	 state	 bleaches	 did	 not	 recover	 on	 a	 3	 ns	timescale.	A	new	band	around	2105	cm-1	was	born	immediately	(<	1	ps)	after	the	laser	pulse	and	 is	 attributed	 to	 the	 first	 singlet	 excited	 state	 (S1)	 of	 the	 azide.	 The	 S1	 state	 decay	 is	biphasic	with	an	ultrafast	growth	component	of	~19	ps	and	a	longer-lived	component	of	247	ps.	The	fast	component	is	due	to	vibrational	cooling	of	the	initially	formed,	hot	S1	state	of	azide,	and	the	longer	component	is	assigned	to	the	S1	state	lifetime.	Another	positive	band	was	observed	in	the	range	of	2310–2185	cm-1	(Supplementary	Figure	4-S3,4-S4,	4-S5,4-
S-6)	with	a	lifetime	of	37	ps,	and	this	band	is	readily	assigned	to	the	isocyanate	since	it	was	observed	 as	 a	 product	 in	 steady-state	 photolysis	 in	 chloroform	 at	 2264	 cm-1	(Supplementary	Figure	4-S3,4-S4,	4-S5,4-S-6).	The	isocyanate	is	formed	as	a	vibrationally	
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hot	species	and	its	significantly	different	rate	of	formation	from	the	decay	rate	of	S1	state	confirms	the	generation	of	isocyanate	mainly	through	a	competing	Curtius	rearrangement	pathway	from	hot	S1	or	Sn	states	as	previously	observed	by	others25,665,6.	The	C=O	vibrations	of	the	S1	state	is	observed	as	two	broad	bands	between	1670–1620	cm-1	(Supplementary	
Figure	4-S3,4-S4,	4-S5,4-S-6).	Calculations	predicted	singlet	nitrene	to	be	around	1752	cm-
1;	 however,	 we	 did	 not	 observe	 the	 singlet	 nitrene	 formation	 in	 chloroform	 on	 the	 ns	timescale	 (Supplementary	 Figure	4-S3,4-S4,	 4-S5,4-S-6).	 Peaks	 characteristic	 of	 triplet	nitrene	were	also	not	observed.	The	absence	of	nitrene	 in	chloroform	 is	not	surprising	since	solvents	 like	chloroform	are	known	to	favor	the	isocyanate	formation	over	the	nitrene	formation.	TRIR	experiments	were	repeated	 in	 carbon	 tetrachloride	 (Supplementary	 Figure	 4-S3,4-S4,	 4-S5,4-S-6)	 since	singlet	nitrene	formation	from	other	aroyl	nitrene	precursors	was	previously	observed	in	carbon	tetrachloride66.	The	isocyanate	formation	in	carbon	tetrachloride	was	biphasic	with	a	rise	time	of	30ps	(64%)	and	149	ps	(36%)	(Supplementary	Figure	4-S3,4-S4,	4-S5,4-S-
6).	A	weak,	broad,	band	centered	around	1734	cm-1	was	observed	in	carbon	tetrachloride	(Supplementary	 Figure	 4-S3,4-S4,	 4-S5,4-S-6)	 and	 is	 assigned	 to	 singlet	 nitrene	(calculations	predicted	singlet	nitrene	to	be	around	1752	cm-1).	The	singlet	nitrene	(1734	cm-1)	was	 immediately	 formed	after	 the	 laser	pulse	 indicating	 initial	 formation	of	 singlet	nitrene	from	higher	singlet	excited	state	(Sn,	where	n≥2)	of	NAz.	It	is	important	to	note	that	the	273	nm	light	promotes	NAz	to	the	higher	excited	state	S3	according	to	calculations.	It	was	previously	reported	that	benzoyl	nitrenes	are	 formed	and	have	stabilities	 that	are	on	the	order	 of	 microseconds27,67	 and	 is	 not	 surprising	 that	 we	 did	 not	 observe	 the	 nitrene	formation	from	the	azide	S1	state	on	the	ns	timescale.	Interestingly,	we	do	not	see	the	band	
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centered	at	~1734	cm-1	in	TRIR	experiments	in	acetonitrile,	which	strongly	indicates	that	the	nitrene	is	indeed	reacting	with	acetonitrile	(Supplementary	Figure	4-S3,4-S4,	4-S5,4-
S-6).	In	order	to	verify	this,	we	irradiated	NAz	solution	in	acetonitrile-d3	with	270	nm	light	and	a	positive	absorption	band	was	detected	around	1628	cm-1	in	the	postphotolysis	steady-state	FTIR	absorption	spectrum	and	it	matched	well	with	the	FTIR	spectrum	of	oxadiazole	(Supplementary	Figure	4-S3,4-S4,	4-S5,4-S-6).	The	product	isolation	of	the	steady-state	photolysis	mixture	revealed	the	 formation	of	 isocyanate	(Supplementary	Figure	4-S3,4-
S4,	4-S5,4-S-6)	and	oxadiazole	products;	further	confirming	the	singlet	nitrene	formation	upon	photoexcitation68.		
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Chapter	5:	Assaying	RNA	Structure	with	LASER-Seq	
Publication	note	
This	paper	was	originally	published	in	the	Nucleic	Acids	Research.	Boris	Zinshteyn,	Dalen	Chan,	Whitney	England,	Chao	Feng,	Rachel	Green,	Robert	C	Spitale	Assaying	RNA	structure	with	LASER-Seq.	Nucleic	Acids	Res.	47,	43-45	(2018).	Copyright	©	2019	Oxford	University	Press			
5.1	Contribution	Statement	
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5.2	Abstract	
Chemical	 probing	methods	 are	 crucial	 to	 our	 understanding	 of	 the	 structure	 and	function	of	RNA	molecules.	The	majority	of	chemical	methods	used	to	probe	RNA	structure	report	 on	 Watson–Crick	 pairing,	 but	 tertiary	 structure	 parameters	 such	 as	 solvent	accessibility	can	provide	an	additional	layer	of	structural	information,	particularly	in	RNA-protein	 complexes.	 Herein	 we	 report	 the	 development	 of	 Light	 Activated	 Structural	Examination	 of	 RNA	 by	 high-throughput	 sequencing,	 or	 LASER-Seq,	 for	 measuring	 RNA	structure	 in	 cells	 with	 deep	 sequencing.	 LASER	 relies	 on	 a	 light-generated	 nicotinoyl	
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nitrenium	ion	to	form	covalent	adducts	with	the	C8	position	of	adenosine	and	guanosine.	Reactivity	is	governed	by	the	accessibility	of	C8	to	the	light-generated	probe.	We	compare	structure	probing	by	RT-stop	and	mutational	profiling	(MaP),	demonstrating	that	LASER	can	be	integrated	with	both	platforms	for	RNA	structure	analyses.	We	find	that	LASER	reactivity	correlates	with	solvent	accessibility	across	the	entire	ribosome,	and	that	LASER	can	be	used	to	 rapidly	 survey	 for	 ligand	binding	 sites	 in	 an	unbiased	 fashion.	 LASER	has	 a	particular	advantage	 in	 this	 last	 application,	 as	 it	 readily	modifies	 paired	 nucleotides,	 enabling	 the	identification	of	binding	sites	and	conformational	changes	in	highly	structured	RNA.		
5.3	Introduction	
	 	RNA	molecules	 play	 essential	 roles	 in	 nearly	 every	 step	 of	 gene	 regulation,	 from	chromatin	modification	and	transcription	to	translation	regulation.	RNA	molecules	fold	into	complex	 three-dimensional	 structures	 that	 can	 impart	 unique	 functionalities,	 from	phosphodiester	 bond	 cleavage	 to	 protein	 binding1,2.	 Several	 existing	 chemical	 methods	directly	 measure	 RNA	 structure,	 both	 inside	 and	 outside	 of	 living	 cells.	 Conventional	chemical	probes	such	as	dimethyl	sulfate	(DMS,	which	methylates	the	Watson-Crick	face	of	single-stranded	adenosine	and	cytosine	residues,	as	well	as	the	7	position	of	guanosine)	and	SHAPE	(selective	2′-hydroxyl	acylation	analyzed	by	primer	extension,	which	modifies	any	nucleotide	by	2′-hydroxyl	acylation	at	flexible	sites)	report	primarily	on	the	Watson-Crick	pairing	status	of	individual	nucleotides3-5.	A	critical	component	of	the	RNA	structure	toolbox	is	 the	 ability	 to	 interrogate	 the	 surface	 opposite	 the	Watson-Crick	 face	 to	 obtain	 a	more	general	map	 of	 nucleobase	 solvent	 accessibility.	Hydroxyl	 radical	 footprinting	 (HRF)	 has	been	 used	 for	 decades	 to	 assay	 solvent	 accessibility	 by	 cleaving	 the	 sugar-phosphate	
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backbone	of	the	RNA	at	accessible	nucleotides6.	While	HRF	is	easily	implemented	in	vitro,	in	
vivo	probing	requires	a	synchrotron	x-ray	source7.	
	
Figure	5-1.	Chemical	Probing	by	LASER-Seq	and	LASER-MaP	A.	Nicotinoyl	azide	(NAz)	is	activated	 by	 long-wavelength	 UV	 light	 to	 form	 C8	 adducts	 on	 A	 and	 G	 residues.	 Adduct	formation	 is	 thought	 to	 result	 in	 trans-to-cis	 isomerization	 of	 the	 nucleobase.	 Such	isomerization	provides	a	molecular	explanation	for	the	production	of	RT-stops,	as	observed	previously	with	 denaturing	 gel	 electrophoresis,	 and	 for	 nucleotide	misincorporations.	B.	
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LASER-Seq	and	LASER-MaP	methods.	Ribosome	complexes	or	intact	cells	were	treated	with	NAz	 and	 UV	 light,	 followed	 by	 RNA	 extraction,	 fragmentation,	 and	 size	 selection.	 After	adaptor	ligation	and	reverse	transcription,	cDNAs	were	size	selected	and	separated	into	full-length	and	truncated	products,	which	were	separately	circularized	and	subjected	to	high-throughput	sequencing.		 We	recently	reported	the	development	of	Light	Activated	Structural	Examination	of	RNA,	or	LASER8.	LASER	takes	advantage	of	 light-activated	aroyl	azides	such	as	nicotinoyl	azide	(NAz),	which	can	form	aroyl	nitrenium	ions	in	solution.	Nitrenium	ion	electrophiles	can	 react	 with	 electron-rich	 purine	 residues	 in	 RNA,	 through	 an	 electrophilic	 aromatic	substitution	reaction,	to	form	C8	amide	products	with	adenosine	and	guanosine	(Figure	5-
1,	A).	These	C8	adducts	can	induce	a	reverse	transcription	stop,	likely	due	to	isomerization	(trans-to-cis)	along	the	C1’-N9	bond	of	adenosine	and	guanosine,	and	these	RT-stops	can	be	used	to	map	solvent	accessibility	onto	the	primary	structure	of	an	RNA.	Because	the	aroyl	azides	are	 readily	 taken	up	by	cells,	LASER	can	be	utilized	 to	 footprint	unique	structural	states	and	protein-RNA	interactions	within	living	cells.	The	merging	of	chemical	methods	to	measure	RNA	structure	with	deep	sequencing	has	 opened	 the	 door	 to	 large-scale	 analyses	 of	 RNA	 structure.	 DMS,	 N-cyclohexyl-N’-(2-morpholinoethyl)carbodiimide	 metho-p-toluenesulfonate	 (CMCT),	 and	 SHAPE	 have	 now	been	utilized	by	many	labs	to	probe	pools	of	RNAs	or	entire	transcriptomes9-19.	HRF	was	also	recently	adapted	for	use	with	high-throughput	sequencing20,	and	we	have	recently	modified	this	high-throughput	technique	to	identify	in	vitro	protein	binding	sites	on	the	ribosome	by	localized	generation	of	hydroxyl	radicals	in	situ21.	Since	hydroxyl	radicals	cause	cleavage	of	
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the	RNA	backbone,	they	can	only	be	identified	by	RT	stop	approaches,	without	the	benefits	of	recent	mutational	profiling	(MaP)	technologies22.	MaP	relies	on	the	propensity	of	some	covalent	nucleotide	modifications	to	cause	mutations	in	addition	to	RT	stops	during	reverse	transcription,	 which	 can	 be	 quantified	 by	 high-throughput	 sequencing.	 MaP	 approaches	have	 been	 used	 to	 identify	 sites	 of	 modification	 by	 dimethyl	 sulfate	 (DMS)23,24,	 SHAPE	reagents	22,24,	and	other	probes	that	covalently	modify	RNA	18,19.	Despite	its	utility	in	DMS	and	SHAPE	structure	probing,	expansion	of	MaP	to	the	many	other	chemical	probes	has	yet	to	be	realized.	To	expand	LASER	to	studies	of	large	structured	RNAs,	we	developed	LASER-Seq	and	LASER-Mutational	Profiling	 (LASER-MaP).	LASER	reactivity	should	report	on	 the	solvent	 accessibility	 of	 the	 C8	 position,	 providing	 an	 additional	 layer	 of	 information	 and	allowing	 identification	of	binding	sites	or	conformational	changes	 in	base-paired	regions.	Here	we	use	the	ribosome,	a	large	ribonucleoprotein	of	complex	but	well-defined	structure,	as	a	test	case	for	LASER-Seq	and	LASER-MaP.	We	find	that	LASER	reactivity	generally	agrees	with	 computed	 solvent	 accessibility	 across	 the	 ribosome,	 and	 that	LASER	can	be	used	 to	rapidly	survey	 the	ribosome	 for	 ligand	binding	sites	 in	an	unbiased	 fashion.	LASER	has	a	particular	 advantage	 in	 this	 last	 application,	 as	 it	 readily	 reacts	with	 paired	 nucleotides,	enabling	the	identification	of	binding	sites	and	conformational	changes	in	highly	structured	RNA.		
5.4	Results	and	Discussion	
LASER-Seq	and	LASER-MaP	detect	solvent-accessible	nucleotides	in	vitro	and	in	vivo	To	adapt	LASER	to	high-throughput	sequencing	methodology,	we	performed	a	pilot	experiment	with	purified	E.	coli	ribosomes	(Figure	5-1,	B).	We	equilibrated	ribosomes	with	
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300	mM	NAz,	or	an	equal	volume	of	DMSO,	and	exposed	the	mixture	to	ultraviolet	(UV)	light	for	3	min.	We	prepared	sequencing	libraries	using	two	different	reverse	transcriptases	(RTs)	(Superscript	 II	 (SSII),	 and	 TGIRTIII)	 and	 conditions	which	were	 previously	 optimized	 to	detect	DMS	and	SHAPE	modifications	by	MaP	analysis22,23.	We	gel-purified	full-length	cDNA	for	MaP	analysis,	and	truncated	cDNA	to	enrich	for	RT	stops.	The	isolated	RT	products	were	subjected	 to	 Illumina	 sequencing	 and	 the	 resulting	 sequences	were	mapped	 back	 to	 the	consensus	 ribosomal	 RNA	 (rRNA)	 sequence	 to	 count	 RT	 stops	 (5’	 ends	 of	 reads)	 and	mutations.	For	RT	stop	analysis,	NAz	reactivity	is	expressed	as	Reads	Per	Million	(RPM):	the	number	of	reads	with	5’	ends	mapping	1nt	3’	of	 the	nucleotide	divided	by	the	number	of	reads	mapping	to	the	rRNA	(in	millions).	For	MaP	analysis,	NAz	reactivity	is	expressed	as	the	number	of	mutations	at	a	nucleotide	position	divided	by	the	number	of	sequencing	reads	overlapping	that	position.	In	the	absence	of	NAz,	a	few	prominent	peaks	of	mutations	were	visible	across	the	rRNA	 (Figure	 5-2,	 A	&	Figure	 5-S1).	 These	 sites	 include	 posttranscriptionally	modified	nucleotides	and	sites	of	heterogeneous	rRNA	sequence.	There	is	a	substantial	background	of	RT	stops	spread	across	the	rRNA,	presumably	due	to	structure	or	sequence	dependent	RT	stops	(Figure	5-2,	B	&	Figure	5-S2).	This	background	was	reduced	upon	NAz	treatment,	as	sequencing	space	became	occupied	by	NAz-dependent	RT	stops,	and	was	further	reduced	by	subtracting	the	UV	control	(Figure	5-2,	B	&	Figure	5-S2).	UV	treatment	alone	caused	little	change	 in	RT	stops	or	mutations,	 indicating	 that	UV-induced	RNA	damage	 is	not	a	major	source	 of	 background	 in	 this	 assay	 (Figures	 5-S1	&	 5-S2).	 After	 combined	NAz	 and	UV	treatment,	mutations	and	RT	stops	became	evident	at	many	other	positions.	For	example,	16S	G530,	a	highly-accessible	nucleotide	involved	in	recognition	of	codon-anticodon	pairing	
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during	 translation25,	 displays	 strong	 NAz-dependent	 peaks	 of	 mutations	 and	 RT	 stops	(Figure	5-2,	A	and	B),	demonstrating	the	strong	signal	over	background	for	this	technique	at	accessible	nucleotides.	
Figure	5-2.	LASER-Seq	Detects	RT	stops	and	LASER-MaP	Detects	Mutations	from	NAz	
modification.	A.	LASER-MaP	Mutation	fraction	(for	SSII)	or	B.	LASER-Seq	RT	stop	RPMs	(for	
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TGIRTIII)	for	a	section	of	the	E.	coli	16S	rRNA	from	libraries	prepared	with	or	without	NAz.	The	background-subtracted	difference	plots	for	these	same	traces	are	presented	below	each	plot	 in	 green.	A	 single	 nucleotide	 indel	 between	 genomic	 rRNA	 copies	 at	 position	671	 is	indicated	by	-.	Nucleotide	G530	is	 indicated	with	an	arrow.	C.	Cumulative	distributions	of	mutation	 rates,	 separated	 by	 nucleotide	 identity,	 for	 LASER-MaP	 libraries	made	with	 or	without	 NAz.	 The	 y	 axis	 indicates	 the	 fraction	 of	 nucleotides	 with	 a	 mutation	 rate	 not	exceeding	the	given	threshold	(x	axis).	Note	that	axes	are	truncated	to	only	show	the	upper-left	 corner	 of	 the	 distribution,	 and	 the	 full	 range	 of	 both	 axes	 is	 0–1.	 D.	 Cumulative	distributions	 of	 RT	 stop	 RPMs	 for	 LASER-Seq	 libraries	 made	 with	 or	 without	 NAz.	 E.	Cumulative	 distributions	 of	 MaP	 mutation	 rates	 for	 S.	 cerevisiae	 libraries	 probed	 with	various	reagents	and	reverse	 transcribed	with	SSII	 (1M7,	BzCN,	NAz)	or	TGIRTIII	 (DMS).	DMS	 data	 are	 obtained	 for	 comparison26.	 F.	 Comparison	 between	 LASER-MaP	 mutation	frequency	and	band	intensities	of	manual	RT-stops	from	LASER8,	both	performed	in	cultured	human	cells.		 In	accordance	with	the	specificity	of	NAz	for	A	and	G	nucleotides,	LASER	treatment	caused	an	increase	in	mutations	and	RT	stops	at	A	and	G	(Figure	5-2,	C	&	D).	This	effect	was	substantially	better	for	MaP	analysis	compared	to	RT	stop	analysis,	where	background	RT	stops	 are	 a	 clear	 problem.	 Subtraction	 of	 RT-stop	 background	 leads	 to	 a	 substantial	improvement	in	detection	of	NAz-dependent	RT	stops	at	A	and	G	(Figures	5-S2	&	5-S3B),	while	the	MaP	data	were	only	marginally	affected	by	background	subtraction	(Figures	5-S1		
&	5-S3A)	due	to	the	low	background	mutation	rate	of	LASER-MaP	(Figure	5-2,	C,	Figure	5-
S1).	SSII	yielded	higher	rates	of	mutations	at	purines	than	TGIRTIII	(Figure	5-2,	C),	while	RT	
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stops	produced	by	TGIRTIII	were	substantially	more	enriched	for	purines,	indicative	of	the	higher	RT	stop	background	with	SSII	(Figure	5-2D,	Figure	5-S3B).	This	is	readily	visible	in	Figure	5-S2,	where	the	16S	rRNA	landscape	is	dominated	by	a	small	number	of	high-intensity	RT	stops	for	TGIRTIII,	consistent	with	the	generally	low	accessibility	of	a	highly	structured	and	protein-bound	RNA,	while	the	SSII	sample	has	a	more	uniform	background	of	RT	stops	resembling	 the	 untreated	 control.	 This	 striking	 difference	 could	 be	 due	 to	 the	 higher	temperature	of	reverse	transcription	for	TGIRTIII	(60	°C,	compared	to	42	°C	for	SSII),	which	would	unfold	RNA	structure	and	might	reduce	structure-dependent	RT	stops	in	favor	of	NAz-dependent	ones.	For	these	reasons,	we	recommend	the	use	of	TGIRTIII	for	LASER-seq,	and	the	use	of	SSII	for	LASER-MaP.	We	 found	 that	mutations	and	RT	stop	RPMs	were	 reproducible	within	a	given	RT	(Figure	5-S3C	&	D)	and	between	the	different	RTs	(Figure	5-S3E).	RT	stops	were	poorly	correlated	with	mutations,	but	the	correlation	increased	when	the	background	signal	was	subtracted	 (Figure	 5-S3F).	 This	 indicates	 that	 the	 two	 assays	 have	 different	 sources	 of	background	noise,	 but	 some	 real	NAz-dependent	 signal	 can	 still	 be	detected	 at	 the	 same	nucleotides	by	both	methods,	despite	obvious	differences.	These	 results	 show	 that	 both	 LASER-Seq	 and	 LASERMaP	 are	 capable	 of	 detecting	NAz-reactive	nucleotides	across	a	structure	as	 large	as	 the	ribosomal	RNA.	However,	our	MaP	datasets	clearly	have	fewer	positions	with	non-specific	background	compared	to	the	RT	stop	datasets	(Figures	5-S1	&	5-S2).	It	is	exciting	that	LASER	is	well-suited	to	MaP	analysis,	as	 modification	 detection	 methods	 based	 on	 RT	 stops	 suffer	 from	 RT	 shadowing	 (read	coverage	 is	reduced	immediately	downstream	of	a	heavily	modified	base)23	and	biases	 in	library	preparation	due	to	the	fact	that	the	sequence	at	the	RT	stop	determines	the	efficiency	
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of	 capture	 during	 circularization27-29.	 MaP-based	 methods	 suffer	 much	 less	 from	 these	issues,	making	them	a	potentially	more	accurate	measure	of	nucleotide	modification.	Most	importantly,	 for	 MaP	 analysis,	 the	 mutation	 fraction	 is	 internally	 normalized	 by	 read	coverage	at	the	position	being	analyzed,	and	can	be	described	by	a	rigorous	error	model	22-
24,30.	For	these	reasons,	we	focused	on	LASER-MaP	for	further	experiments.	To	 contextualize	 the	mutation	 rates	 seen	 in	 LASER-MaP,	we	 compared	 it	 to	 other	structure	 probing	 strategies	 that	 are	 amenable	 to	 mutational	 profiling.	 With	 purified	 S.	cerevisiae	ribosomes	as	our	target,	we	performed	LASER-MaP	as	well	as	SHAPE-MaP	22	using	the	 reagents	 1-methylnitrosatoic	 anhydride	 (1M7)	 and	 benzoyl	 cyanide	 (BzCN).	 SHAPE	monitors	 internucleotide	 flexibility	 through	 2	 -OH	 acylation	 and	 previous	 reports	 have	demonstrated	 that	 SHAPE	 reactivity	 is	 not	 governed	 by	 solvent	 accessibility	 31.	We	 also	compared	 these	 datasets	 to	 our	 previously	 published	 DMS-MaP	 probing	 of	 the	 same	ribosomes	26.	NAz	produced	more	mutations	at	G	than	all	other	tested	reagents,	and	more	than	the	SHAPE	reagents,	but	less	than	DMS,	at	A	(Figure	5-2,	E,	Figure	5-S4).	MaP	can	identify	correlated	mutations	on	RNA	by	identifying	multiple	mutations	in	a	single	 sequencing	 read,	 because	 RT	 does	 not	 necessarily	 terminate	 at	 the	 first	modified	nucleotide.	This	information	can	be	used	to	refine	RNA	tertiary	structures,	or	to	deconvolute	a	mixed	RNA	population24.	As	a	preliminary	test	of	the	suitability	of	NAz	for	this	application,	we	 counted	 the	 number	 of	 reads	 with	 multiple	 mutations,	 as	 a	 fraction	 of	 the	 whole	sequencing	library.	We	found	a	1.7-	to	2.5-fold	enrichment	in	reads	with	two	mutations,	and	a	3-	to	5-fold	enrichment	in	reads	with	three	mutations	in	NAz-treated	samples,	compared	to	the	UV	control	(Figure	5-S5).	This	indicates	that	LASER-MaP	is	potentially	suitable	for	correlated	probing	analyses	such	as	RING-MaP24.	
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Figure	5-3.	NAz	Reactivity	Can	Predict	Solvent	Accessibility.	A.	ROC	curves	for	prediction	of	solvent-accessible	nucleotides	from	LASER-MaP	on	purified	ribosomes	from	E.	coli	and	S.	
cerevisiae.	SASA	was	calculated	with	a	probe	radius	of	4	Å	and	true	positives	were	defined	as	residues	that	had	C8	solvent	accessibility	greater	than	or	equal	to	5	Å2.	All	other	nucleotides	are	considered	true	negatives.	B.	ROC	curves	comparing	SHAPE-MaP	(1M7)	with	LASER-MaP	(NAz),	 demonstrating	 that	 LASER-MaP	 measures	 solvent	 accessibility	 while	 SHAPE-MaP	does	 not.	 C.	 NAz	 reactivity	 overlaid	 onto	 the	 25s	 rRNA	 in	 complex	 with	 the	 rest	 of	 S.	
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cerevisiae	 ribosome	 or	 alone.	 (PDB	 ID	 4V88).	 The	 ribosome	 is	 oriented	 with	 the	 small	subunit	to	the	left,	the	A	site	at	the	bottom,	and	the	E	site	on	top.	All	rRNA	and	protein	except	for	the	25S	rRNA	are	colored	in	gray.	Color	scale	for	NAz	reactivity,	in	percent	mutation,	is	shown	 under	 panel	 E.	 D.,	 E.	 Panels	 showing	 specific	 areas	 of	 NAz	 reactivity	 on	 the	 S.	cerevisiae	X-Ray	structure.		 NAz	 is	 cell-permeable8,	 allowing	 for	 probing	 to	 be	 done	 inside	 living	 cells.	 We	performed	LASER-MaP	on	live	human	K562	cells	and	compared	the	data	to	our	previously	published	 LASER	 RT-stop	 data	 from	 radioactive	 primer	 extension	 of	 ribosomes	 in	 HeLa	cells8.	 As	 shown	 in	 Figure	 5-2F,	 the	 two	 methods	 agree	 with	 each	 other,	 further	demonstrating	that	LASER	works	to	modify	RNA	inside	living	cells	and	that	LASER-MaP	can	recapitulate	the	results	from	manual	probing	of	RNA.		
LASER-MaP	is	specific	for	measuring	solvent	accessibility	To	test	the	utility	of	LASER-MaP	as	a	predictor	of	solvent	accessibility,	we	compared	the	mutation	rate	at	each	A	or	G	nucleotide	in	the	E.	coli	ribosome	with	the	computed	solvent-accessible	 surface	 area	 (SASA)	 of	 the	 C8	 atom	 for	 the	 same	 nucleotide,	 based	 on	 a	 high	resolution	X-ray	crystal	structure32.	We	computed	SASA	with	NAz	approximated	as	a	sphere	with	a	4	Å	radius	and	defined	solvent-accessible	(true	positive)	nucleotides	as	purines	with	a	SASA	of	5	Å2	or	more.	We	generated	receiver	operating	characteristic	(ROC)	curves	(Figure	
5-3,	 A)	 that	 test	 how	well	 the	 LASER-MaP	 signal	 can	 separate	 true	 positives	 from	 false	positives	(nucleotides	with	SASA	<5	Å2)	at	different	thresholds	of	mutation	rate.	The	area	under	 the	ROC	curve	 (AUC)	quantifies	 the	predictive	value	of	 the	measurement,	with	1.0	
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indicating	the	existence	of	a	mutation	rate	threshold	that	detects	all	true	positives	with	no	false	positives,	and	0.50	indicating	no	predictive	value	above	random	chance.	NAz		reactivity	was	a	good	predictor	of	solvent	accessibility	(AUC	=	0.75)	compared	to	our	DMSO	control	(AUC	=	0.49).	Our	reported	AUC	is	lower	than	the	value	found	in	a	similar	experiment	performed	on	yeast	ribosomes	with	DMS14;	however,	for	DMS	the	true	positives/negatives	can	be	defined	by	the	base-pairing	status	of	 the	nucleotide	as	well	as	SASA,	while	we	are	using	 SASA	 alone,	 which	 requires	 arbitrary	 choices	 of	 cutoff	 and	 solvent	 radius	 for	 its	computation.	The	ROC	curves	were	robust	to	the	choice	of	probe	radius	or	SASA	cutoff.	Slight	increases	in	sensitivities	were	observed	as	the	SASA	cutoff	for	true	positives	was	increased	(Figure	5-S6A–D),	and	we	only	observed	slight	variations	at	probe	radii	>	4	Å	(Figure	5-
S6A–D).	To	further	test	our	approach,	we	compared	our	LASER-MaP	data	for	S.	cerevisiae	ribosomes	to	the	S.	cerevisiae	ribosome	crystal	structure33.	Our	ROC	curves	indicate	a	similar	trend	as	seen	for	E.	coli	ribosomes,	with	an	AUC	of	0.82	(Figure	5-3,	A).	Broadly	speaking,	these	results	demonstrate	that	LASER	is	an	accurate	tool	for	measuring	solvent	accessibility.		 Differences	 in	nucleotide	reactivity	between	reagents	can	be	used	 to	predict	more	accurate	 structures	 of	 a	 given	 RNA34.	 Using	 S.	 cerevisiae	 ribosomes	 as	 our	 model33,	 we	calculated	the	SASA	of	2	OH	and	generated	ROC	curves	with	the	LASER-MaP	and	SHAPE-MaP	(1M7)	 mutation	 frequencies	 (Figure	 5-3,	 B).	 As	 expected,	 SHAPE	 reactivities	 are	 poor	predictors	of	the	solvent	accessibility	of	2	OH	positions	(AUC	=	0.56).	LASER-MaP	accurately	detects	the	solvent	accessibility	of	C8	positions	(AUC	=	0.81)	but	not	of	the	2	OH	in	the	same	nucleotide	 (AUC	 =	 0.59).	 Unexpectedly,	 SHAPE	 reactivity	 was	 weakly	 predictive	 of	 C8	accessibility	 (Figure	 5-3,	 B).	 We	 reason	 that	 this	 is	 due	 to	 a	 correlation	 of	 positional	flexibility	with	C8	accessibility,	 leading	 to	an	 increase	 in	modification	of	 the	2	OH.	These	
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results	show	that	LASER	provides	structural	information	complementary	to	that	provided	by	SHAPE.		 In	the	course	of	our	analysis,	we	found	the	computation	of	C8	SASA	to	be	relatively	crude,	yielding	few	C8	atoms	with	measurable	SASA,	even	in	exposed	regions	of	the	crystal	structures.	To	further	examine	NAz	reactivity	in	solvent	exposed	regions,	we	superimposed	LASER-MaP	reactivity	onto	 the	X-Ray	structure	of	 the	S.	cerevisiae	 ribosome	(Figure	5-3,	
C)33.	Upon	inspection,	the	majority	of	unreactive	residues	appeared	protected	from	solvent,	and	exposed	regions	of	the	25S	rRNA	displayed	various	degrees	of	protections.	For	example,	residues	 1395–1414	 of	 helix	 46	 display	 low	 solvent	 accessibility	 due	 to	 protection	 by	ribosomal	protein	L32	(Figure	5-3,	D).	Nucleotides	from	the	loop	(G1404,	A1406,	A1407)	contact	 L32,	 and	 the	 rest	 of	 helix	 46	 is	 buried	 inside	 the	 complex.	 Slight	 reactivity	 was	observed	 for	 residue	 A1399	 which	 is	 deeper	 in	 a	 ribosome	 pocket	 but	 has	 its	 C8	 atom	exposed	 to	solvent.	Adjacent	residues	A438	and	G494	are	not	covered	by	either	rRNA	or	proteins	and	had	high	NAz	reactivity.	Similar	protections	occurred	around	helix	45	(Figure	
5-3,	E),	whose	loop	(G1349,	A1350,	A1352,	G1354,	A1355)	is	fully	exposed	and	whose	stem	(A1343–G1346)	is	buried	within	the	ribosome	with	C8	atoms	pointing	towards	ribosomal	proteins	L4A	and	L18A.		 We	 also	 examined	 regions	 with	 no	 computed	 solvent	 accessibility,	 but	 high	 NAz	reactivity,	some	of	which	are	depicted	in	Figure 5-S6.	In	each	of	these	cases,	such	as	G763	and	A2222,	 manual	 inspection	 revealed	 C8	 positions	 that	 were	 exposed	 to	 solvent	 with	 the	residues	not	base	paired	in	the	crystal	structure.	The	high	mutation	rate	at	these	positions	indicates	 that	 there	 could	 be	 multiple	 conformations	 in	 solution	 susceptible	 to	 NAz	modifications.	SASA	computation	uses	one	conformation	of	the	structure	and	could	overlook	
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residues	with	multiple	conformations	in	solution.	As	such,	these	discrepancies	could	be	due	to	a	combination	of	studying	the	static	structure	and	crude	SASA	modeling,	but	with	a	local	structure	highly	open	and	reactive	to	NAz	in	solution.	These	observations	further	support	the	notion	that	NAz	is	reacting	with	solvent	exposed	residues.		
LASER-MaP	can	be	used	to	monitor	binding	of	ligands	to	ribosomal	RNA	Differential	 chemical	 probing	 analysis	 is	 a	 powerful	 technique	 for	 identifying	conformational	changes,	as	well	as	the	binding	sites	of	proteins	and	small	molecules	in	RNA	complexes	such	as	the	ribosome4,5,35.	Upon	ligand	binding,	nucleotides	in	the	vicinity	of	the	binding	 site	 are	 ‘protected’,	 becoming	 less	 accessible	 and	 thus	 unreactive	 to	 covalent	modifying	agents.	Secondary	protections	and	deprotections,	further	away	from	the	binding	site,	 may	 be	 indicative	 of	 larger	 conformational	 changes	 in	 the	 RNA	 induced	 by	 ligand	binding.	 Probing	 with	 reagents	 such	 as	 DMS,	 kethoxal	 and	 CMCT	 has	 yielded	 enormous	insight	into	ribosome	structure	and	function4,35-37,	but	has	been	limited	by	the	small	number	of	unpaired	nucleotides	in	the	rRNA	that	are	reactive	to	these	agents,	as	well	as	the	large	number	of	primer	extension	gels	required	to	survey	such	a	 large	structure35.	This	second	bottleneck	has	recently	been	resolved	by	high-throughput	sequencing	methodologies10-12,14-
20,	but	the	underlying	issue	of	probe	reactivity	persists.	
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Figure	5-4.	Detection	of	Elongation	Factor	G	binding	to	the	GTPase	activation	center	of	
the	E.	 coli	 ribosome	 using	 LASER-MaP.	 A.	 Difference	 in	 LASER	MaP	mutation	 fraction	across	 the	 entire	 E.	 coli	 23S	 rRNA,	 for	 EF-G	 bound	 ribosomes	 compared	 to	 unbound	
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ribosomes.	The	location	of	the	GTPase	activating	center	(GAC)	is	indicated.	Nucleotides	with	a	statistically	significant	increase	or	decrease	in	LASER-MaP	signal	among	all	EF-G-treated	samples	 are	 highlighted	 in	 green	 and	 orange,	 respectively.	 The	 nucleotides	 that	 show	significant	protections	but	have	a	positive	change	in	mutation	rate	are	artifacts	of	rescaling	mutation	rates	for	calling	hits	(See	methods),	which	was	not	done	in	these	figures.	B.	MA	(log	average	vs	log	ratio)	plot	comparing	the	average	number	of	mutations	at	rRNA	nucleotides	to	their	fold	change	in	mutation	fraction	upon	EF-G	binding.	Nucleotides	with	a	statistically	significant	 increase	 or	 decrease	 in	 all	 EF-G	 treated	 samples	 are	 highlighted	 in	 green	 and	orange,	respectively.	Protected	nucleotides	in	the	GAC	are	labeled.	C.	Detail	of	panel	A	limited	to	 the	 GAC.	 Protected	 nucleotides	 are	 shaded	 in	 orange.	 D.	 Differences	 in	 LASER-MaP	mutation	fraction	(SSII,	EF-G	bound	minus	unbound	ribosomes)	overlaid	on	the	secondary	structure	of	the	GTPase	activation	center	of	the	E.	coli	23S	rRNA.	Pyrimidine	nucleotides	are	colored	grey.	Figure	generated	using	VARNA	(http://varna.lri.fr/)38.	E.	Differences	in	LASER-MaP	mutation	fraction	(SSII,	EF-G	bound	minus	unbound	ribosomes)	overlaid	on	the	GTPase	activation	center	of	the	EF-G-bound	E.	coli	ribosome	(PDB	ID	3J9Z),	viewed	from	the	A	site	side	of	the	ribosome.	C8	atoms	of	purines	in	the	GAC	are	shown	as	spheres,	EF-G	is	shown	in	pink	cartoon	diagram,	and	pyrimidines	are	gray.	Coloring	of	RNA	by	difference	values	was	performed	with	RiboVis	(https://ribokit.github.io/RiboVis/).	Arrows	highlight	a	subset	of	EF-G	protected	nucleotides,	as	well	as	A1095	which	shows	increased	reactivity	that	was	not	determined	to	be	statistically	significant.		
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To	 test	 the	 utility	 of	 LASER-Seq	 for	 the	 identification	 of	 ligand	 binding	 sites,	 we	performed	LASER-MaP	on	purified	E.	coli	ribosomes	incubated	with	elongation	factor	G	(EF-G),	with	or	without	the	non-hydrolyzable	GTP	analog	GDPNP.	GDPNP	is	expected	to	lock	EF-G	in	a	ribosomebound	state39	and	thus	increase	the	likelihood	of	observing	protections.	We	did	not	see	major	differences	in	mutation	rate	in	the	presence	or	absence	of	GDPNP,	so	we	treated	 these	 samples	as	 replicates.	To	 identify	 sites	of	 altered	NAz	 reactivity	upon	EF-G	binding,	we	adapted	a	Poisson	counting	error	model	that	was	previously	used	for	differential	SHAPE-MaP	analysis30.	In	this	analysis,	larger	absolute	numbers	of	mutations	and	absolute	differences	 in	 mutation	 rate	 are	 more	 likely	 to	 be	 called	 real	 changes.	 A	 number	 of	nucleotides	were	reproducibly	protected	or	deprotected	in	the	EF-G	bound	samples	(Figure	
5-4,	 A,	 Figure	 5-S7A,	 Supplementary	 Table	 5-S2)	 with	 both	 RT	 enzymes.	 We	 also	produced	MA	plots	comparing	the	fold	change	in	mutation	for	each	nucleotide	upon	EF-G	incubation	to	its	average	number	of	mutations	between	both	datasets	(Figure	5-4,	B,	Figure	
5-S7B).	These	plots	show	that	many	of	the	statistically	detected	reactivity	changes	were	in	nucleotides	with	large	numbers	of	mutations,	but	with	small	fold	changes	within	the	spread	observed	 for	 other	 nucleotides	 with	 similar	 mutation	 rates.	 This	 suggests	 that	 these	statistical	calls	are	spurious.	The	remaining	protected	nucleotides	cluster	in	the	GTPase-activation	center	(GAC)	of	the	23S	rRNA,	immediately	adjacent	to	the	known	EF-G	binding	site	(Figure	5-4,	C,	D	&	E)40.	Crystal	structures	of	the	E.	coli	ribosome	alone	or	bound	to	EF-G32,40	show	this	entire	region	of	the	GAC	moving	upon	EF-G	binding	(Figure	5-S7C),	consistent	with	the	large	number	of	protections	 in	 this	 region.	 The	protections	 further	 from	 the	 contact	 site	with	EF-G	 could	indicate	compression	of	the	GAC	RNA	upon	EF-G	binding,	which	might	limit	the	ability	of	NAz	
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to	 access	 C8	 atoms	 therein.	 The	 interaction	 of	 EFG	 with	 the	 ribosome	 was	 previously	analyzed	by	probing	with	DMS	and	primer	extension41,	but	only	 two	protections	(A1067,	A1069)	were	identified	in	this	region.	This	is	probably	due	to	the	paucity	of	unpaired	DMS-reactive	nucleotides	in	this	region,	as	well	as	the	reduced	sensitivity	of	gel-based	RT	stop	measurement.	 LASER-MaP,	 however,	 readily	 identified	 EF-G	 induced	 conformational	changes	at	both	paired	and	unpaired	nucleotides	in	this	region.	These	results	demonstrate	the	utility	of	LASER-MaP	as	a	tool	to	interrogate	protein	binding	to	large	and	base-paired	RNAs.	
	
Figure	5-5.	Detection	of	onc112	Binding	to	the	E.	coli	ribosome	using	LASER-MaP.	A.	MA	 plot	 comparing	 the	 average	 number	 of	 mutations	 at	 rRNA	 nucleotides	 to	 their	 fold	change	 in	 mutation	 fraction	 upon	 onc112	 incubation.	 Nucleotides	 with	 a	 statistically	
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significant	increase	or	decrease	in	all	treated	samples	are	highlighted	in	green	and	orange,	respectively.	Select	nucleotides	are	labeled.	B.	View	of	the	peptidyl	transferase	center	and	peptide	 tunnel	 of	 the	 T.	 Thermophilus	 ribosome	 bound	 to	 onc112	 from	 PDB	 ID	 4Z8C.	Nucleotides	 homologous	 to	 protected	 or	 deprotected	 nucleotides	 were	 identified	 by	sequence	alignment	and	highlighted	in	orange	and	green,	respectively.	C8	atoms	are	shown	as	spheres.	C.	Onc112-dependent	changes	in	LASER-MaP	signal	for	select	nucleotides.	UV-only	background	was	subtracted	from	all	data	points	before	dividing	each	by	the	average	of	the	0	µM	onc112	replicates.	
	 In	order	to	more	directly	test	the	reproducibility	and	quantitative	nature	of	LASER-MaP,	 we	 performed	 an	 additional	 batch	 of	 in	 vitro	 probing	 experiments	 with	 E.	 coli	ribosomes.	 We	 incubated	 1M	 ribosomes	 with	 several	 concentrations	 of	 the	 proline-rich	antimicrobial	peptide	onc112	42-44and	performed	LASER-MaP	with	SSII.	We	found	that	the	reproducibility	within	a	batch	of	samples	was	higher	than	between	batches	(Figure	5-S8,	A).	This	difference	disappeared	upon	background	subtraction.	Using	the	same	analytical	method	as	for	EF-G,	we	identified	a	number	of	rRNA	residues	which	were	protected	or	deprotected	by	onc112	binding	(Figures	5-5A	&	5-S8,	B).	We	superimposed	these	nucleotide	positions	onto	the	previously-determined	structure	of	the	Thermus	thermophilus	70S	ribosome	co-crystallized	with	onc11244	 (Supplementary	Table	5-S3).	These	positions	cluster	around	the	 binding	 site	 of	 onc112	 in	 the	 peptide	 exit	 tunnel	 (Figure	 5-5,	 B).	 The	 ribosome	concentration	used	in	this	experiment	was	too	high	for	accurate	measurement	of	binding	constants,	but	many	nucleotides	displayed	monotonic	increases	or	decreases	in	LASER-MaP	signal	with	onc112	concentration	(Figure	5-5,	C),	indicating	that	LASER-MaP	can	provide	a	
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semi-quantitative	 if	 not	 fully	 quantitative	 measure	 of	 ligand	 binding.	 Other	 nucleotides	behaved	 in	more	 complex	ways,	with	 the	 signal	 plateauing	or	 changing	direction	 at	 high	onc112	concentrations.	This	could	mean,	among	other	explanations,	that	these	nucleotides	have	different	dynamics	 for	 onc112	binding,	 or	 that	 background	noise	 is	 dominating	 the	reduced	mutational	signal	at	high	onc112	concentrations		
5.5	Conclusion	
The	recent	advent	of	high-throughput	RNA	structure	analysis	methods	has	greatly	advanced	our	ability	to	analyze	the	structures	of	transcriptomes	and	large	RNA	molecules.	Here	we	expand	the	existing	structure	probing	toolbox	by	adapting	LASER	into	LASER-Seq	and	 LASER-MaP.	 LASER	 has	 reactivity	 preferences	 that	 depend	 on	 solvent	 accessibility,	making	it	orthogonal	to	other	probing	methods	that	depend	on	RNA	base-pairing.	We	have	thoroughly	characterized	these	methods	with	ribosomes	from	3	different	species,	both	 in	vitro	and	in	vivo,	to	show	that	they	produce	RT	stops	or	nucleotide	mutations	that	agree	with	solvent	accessibilities	computed	from	high-resolution	crystal	or	cryo-EM	structures,	as	well	as	manual	gel-based	LASER	analysis.		LASER-MaP	is	sensitive	and	able	to	modify	base-paired	nucleotides,	making	it	well	suited	to	detecting	ligand	binding	sites	on	RNAs.	We	demonstrated	this	by	recapitulating	the	binding	sites	of	EF-G	and	onc112	on	E.	coli	ribosomes	and	identifying	more	protections	in	the	same	rRNA	region	than	were	detected	by	older	methods.	Our	results	are	suggestive	of	a	large-scale	 movement	 and	 compression	 of	 the	 GAC	 caused	 by	 EF-G	 binding,	 which	 is	supported	 by	 structures	 of	 EF-G	 bound	 ribosomes,	 while	 the	 previous	 result	 could	 only	detect	the	proximal	binding	site	of	EF-G.	These	distal	protections	raise	the	possibility	that	
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NAz	reactivity	is	affected	by	the	spacing	or	curvature	of	RNA	helices,	a	facet	of	NAz	probing	that	requires	further	analysis.	If	true,	this	effect	could	be	useful	for	determining	additional	constraints	on	unknown	RNA	structures.	The	ability	to	detect	translation-factor	and	small	molecule	binding	means	that	LASER-MaP	could	aid	in	determining	the	mechanism	of	action	of	ribosome-targeting	antibiotics	in	vitro	or	in	vivo,	by	monitoring	the	conformational	state	of	the	ribosome	after	treatment	with	a	drug26,36,45,	while	simultaneously	detecting	the	direct	binding	site.	LASER-Seq	 and	 LASER-MaP	 can	 be	 readily	 adapted	 to	 the	 transcriptome-wide	probing	of	mRNA	structures	with	the	addition	of	rRNA	depletion	or	poly-A	selection.	This	will	enable	more	precise	predictions	of	mRNA	structure	in	combination	with	existing	SHAPE-	and	DMS-based	approaches	and	may	be	able	to	provide	information	on	protein	binding	sites	in	 RNA	 that	 are	 not	 detectable	 by	 other	 methods.	 Our	 pilot	 experiments	 indicate	 that	mutations	occur	at	NAz-reactive	nucleotides	at	a	 frequency	greater	than	SHAPE	reagents,	and	comparable	to	DMS	for	G	nucleotides,	so	sequencing	coverage	requirements	should	be	no	higher	than	for	other	MaP	techniques.	Recent	analyses	of	DMS	probing	data	suggest	that	RT-stops	and	mutations	provide	complementary	information,	and	both	may	be	needed	to	provide	 a	 complete	 picture	 of	 the	 state	 of	 chemical	 modification46	 (BioRxiv:	https://doi.org/10.1101/292532,	 	 https://doi.org/10.1101/176883).	 More	 work	 is	required	to	determine	if	this	is	true	for	LASER,	and	to	integrate	RT-stop	and	MaP	data	from	complementary	probes	into	a	single	analytical	framework	for	RNA	structure	prediction.	We	envision	that	LASER-Seq	and	LASER-MaP	will	be	immediately	applicable	to	many	existing	problems,	from	the	identification	of	protein	and	small-molecule	binding	sites	in	large	RNAs,	to	transcriptome-wide	prediction	of	RNA	structure	and	solvent	accessibility.	
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5.6	Methods	
Synthesis	and	storage	of	chemical	reagents		NAz8	and	1M747	was	synthesized	previously	noted.	NAz	was	stored	in	powder	form,	wrapped	in	aluminum	foil,	at	−20°C.	NAz	was	dissolved	in	anhydrous	DMSO	at	3	M	and	used	within	a	few	days.	1M7	was	dissolved	in	anhydrous	DMSO	immediately	before	use.	Onc112	peptide	(VDKPPYLPRPRPPRd-(ARG)IYN(dARG))	 was	 synthesized	 by	 GenScript	 (Piscataway,	 NJ,	USA),	resuspended	in	water	to	20	mM,	and	stored	at	−20°C.		
Ribosome	and	EF-G	purification	Crude	Escherichia	coli	70S	ribosomes48	were	 isolated	 from	strain	MRE600	(ATCC29417),	grown	to	OD600	of	0.6	in	6	l	of	LB	with	no	antibiotics.	Cultures	were	chilled	on	ice	for	30	min,	harvested	by	centrifugation,	resuspended	in	buffer	A	(20	mM	K-HEPES	pH	7.5,	100	mM	KCl,	10	mM	MgCl2,	0.5	mM	EDTA,	6	mM	bME),	and	lysed	in	a	French	press.	Lysates	were	clarified	twice	by	centrifugation	at	8	°C	at	22,000	RPM	for	15	min	in	an	SS-34	rotor.	Ribosomes	were	pelleted	through	a	35	mL	sucrose	cushion	(1.1	M	sucrose,	20	mM	K-HEPES	pH	7.5,	500	mM	KCl,	10	mM	MgCl2,	0.5	mM	EDTA)	in	Ti-45	tubes	for	16	h	at	17,000	RPM.	After	removing	the	cushion,	ribosomal	pellets	were	gently	washed	with	1	mL	buffer	B	(20	mM	K-HEPES	pH	7.5,	500	mM	KCl,	10	mM	MgCl2,	0.5	mM	EDTA),	and	gently	resuspended	in	buffer	A.	His-tagged	EF-G	was	purified	as	previously	noted49.	Saccharomyces	cerevisiae	strain	YAS2488	(MATa	leu2–3	112	his4–539	trp1	ura3–52	cup1::LEU2/PGK1pG/MFA2pG)	was	grown	with	shaking	
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in	YPD	(1%	yeast	extract,	2%	peptone,	2%	glucose)	at	30	°C	to	an	OD600	of	1.0	and	40S	and	60S	ribosomal	subunits	were	purified	exactly	in	previous	studies50.		
In	vitro	NAz	treatment	of	E.	coli	ribosomes	
In	vitro	LASER	reactions	were	performed	in	25	µL	volumes	in	1.5	mL	microcentrifuge	tubes	(Axygen).	25	µL	reactions	contained	1×	HEPES	modification	buffer	(30	mM	K-HEPES	pH	7.5,	7	mM	Mg(C2H3O2)2,	100	mM	KCl),	1–2	M	crude	E.	coli	70S	ribosomes,	and	where	indicated	4	
µM	EF-G,	0.5	mM	GDPNP,	or	onc122.	 For	 the	 first	batch	of	 experiments	we	performed	1	reaction	 each	 of	 70S	 alone,	 70S+EF-G,	 70S+EF-G+GDPNP.	 For	 the	 second	 batch,	 we	performed	two	reactions	with	70S	alone	with	and	without	NAz,	and	one	reaction	at	each	onc112	concentration.	Reactions	were	brought	to	the	final	volume	of	25	µL	by	adding	2	µL	of	300	mM	NAz	in	DMSO	or	DMSO	alone.	Reducing	agents	(besides	those	present	in	ribosome	and	protein	stocks)	were	omitted	to	prevent	potential	reactivity	with	NAz.	Reactions	were	incubated	for	5	min	at	37	°C,	arranged	uniformly	around	a	UV	lamp	(20	watt	Zilla	Desert	50	UVB	Fluorescent	Coil	Bulb)	with	the	tube	bottoms	pointed	towards	the	bulb,	and	exposed	to	UV	 light	 for	3	min.	Reactions	were	brought	 to	300	µL	with	0.3	M	sodium	acetate	pH	5.5,	isopropanol	 precipitated,	 extracted	 twice	 (or	 until	 the	 protein	 interface	 was	 gone)	 with	phenol/chloroform/isoamyl	 alcohol,	 and	once	with	 chloroform,	 ethanol	precipitated,	 and	resuspended	in	40	µL	water.	Precipitations	were	performed	in	1.5	ml	microcentrifuge	tubes	by	bringing	solutions	to	0.3	M	sodium	acetate,	adding	5–10	µg	of	glycogen	(if	RNA	is	being	quantified)	or	glycoblue	(Invitrogen),	and	an	equal	volume	of	isopropanol	or	2.5	volumes	of	ethanol,	chilling	for	15	min	on	dry	ice,	centrifuging	at	20,000g	for	30	min,	and	removing	the	
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supernatant.	 Pellets	 were	 washed	 by	 adding	 400	 µl	 70%	 (for	 intact	 RNA)	 or	 80%	 (for	fragmented	RNA)	ice-cold	ethanol,	centrifuging	again	for	5	min,	and	removing	supernatant.		
In	vivo	NAz	treatment	of	K562	cells	K562	cells	were	grown	in	advanced	RPMI	1640	media	(Gibco)	supplemented	with	10%	FBS	(Gibco)	 and	 2	 mM	 LGlutamine	 (Gibco).	 500,000	 cells	 were	 pelleted	 in	 a	 1.5	 ml	microcentrifuge	 tube	 (Axygen),	 washed	 with	 500	 µL	 37	 °C	 PBS,	 pelleted	 again,	 and	resuspended	in	100	µL	PBS	+	10%	DMSO,	or	PBS	+	300	mM	NAz.	One	biological	replicate	each	were	exposed	to	UV	light	for	1	or	3	min	as	described	for	in	vitro	reactions.	300	µL	of	Trizol	(Invitrogen)	was	added	to	each	reaction	and	RNA	was	purified	with	the	Zymo	Direct-Zol	 RNA	 miniprep	 kit,	 following	 the	 manufacturer’s	 directions	 for	 total	 RNA	 extraction,	omitting	the	DNase	treatment.	
	
In	vitro	NAz,	1M7	and	BzCN	treatment	of	S.	cerevisiae	ribosomes	25	µL	reactions	were	assembled	containing	1×	HEPES	modification	buffer	(30	mM	K-HEPES	pH	7.5,	3mM	Magnesium	Acetate,	100	mM	KCl,	2	mM	DTT)	and	0.5	M	each	of	S.	cerevisiae	40S	and	60S	ribosomal	subunits.	After	incubating	at	25	°C	for	5	min,	reactions	were	brought	to	 the	 final	volume	of	25	µL	by	adding	2.5	µL	of	100	mM	1M7,	100	mM	Benzoyl	Cyanide	(BzCN,	Sigma	Aldrich	115959)	or	3M	NAz	in	anhydrous	DMSO,	or	DMSO	alone,	and	incubated	at	25	°C	for	6	min	(1M7),	30	s	(BzCN),	or	exposed	to	UV	light	for	3	min	(NAz).	Reactions	were	brought	to	500	µL	with	0.3	M	sodium	acetate	pH	5.5,	isopropanol	precipitated,	resuspended	in	200	µL	0.3	M	sodium	acetate	pH	5.5,	extracted	twice	(or	until	protein	interface	was	gone)	with	phenol/chloroform/isoamyl	alcohol,	and	once	with	chloroform,	ethanol	precipitated	
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and	resuspended	in	40	µL	water.	The	datasets	presented	in	Figure	5-2,	E	and	Supplementary	Figure	5-S4	are	each	from	a	single	reaction.		
Sequencing	library	preparation	Methods	 for	 library	preparation	have	been	 adapted	 from22,23,51.	 1–4	µg	of	 total	RNA	was	fragmented	by	incubation	at	95	°C	for	5	min	with	10	mM	ZnCl2.	Fragmentation	was	stopped	by	 placing	 tubes	 on	 ice	 and	 immediately	 adding	 EDTA	 to	 20	 mM.	 RNA	 was	 ethanol	precipitated,	 resuspended	 in	 10	mM	 tris	 pH	 7.0	 +	 10	 µL	 2×	 RNA	 gel	 loading	 dye	 (95%	formamide,	20	mM	Tris,	2	mM	EDTA,	xylene	cyanol,	bromophenol	blue),	incubated	for	3	min	at	95	°C	to	denature	RNA,	and	run	on	a	10%	PAGE	TBE-urea	gel	for	size	selection.	A	section	corresponding	to	100–120	bp	on	a	(non-denatured)	DNA	ladder	was	cut	from	the	gel.	The	gel	was	shredded	by	forcing	the	gel	through	a	needle	hole	in	a	0.5	ml	tube	by	centrifugation,	and	RNA	was	eluted	into	400	µL	water	by	heating	at	70	°C	with	rapid	shaking	for	15	min.	Gel	pieces	 were	 filtered	 out	 with	 a	 Spin-X	 column	 (corning)	 and	 RNA	 was	 isopropanol	precipitated,	resuspended	in	PNK	mix	(3.5	µL	10	mM	Tris	pH	8.0,	0.5	µL	SUPERaseIn	RNase	inhibitor	(Invitrogen),	0.5	µL	10×	PNK	buffer	(NEB),	0.5	µL	T4	PNK),	and	incubated	at	37	°C	for	1	h.	Reactions	were	supplemented	with	5	µL	ligation	mix	(3.8	µL	50%	PEG	8000,	0.2	µL	50	µM	pre-adenylated	linker	2	(oBZ191)	(for	oligos,	see	Supplementary	Table	5-S1),	0.5	µL	10×	T4	RNA	ligase	buffer	(NEB),	0.5	µL	T4	RNA	ligase	2	truncated	(NEB))	and	incubated	at	37	 °C	 for	 3	 h,	 then	 isopropanol	 precipitated.	 For	 E.	 coli	 experiments,	 pellets	 were	resuspended	in	water	and	split	for	reverse	transcription	with	either	TGIRTIII	(Ingex)	or	SSII	(Invitrogen).	 For	 all	 other	 experiments,	 only	 SSII	 was	 used,	 and	 pellets	 were	 directly	
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resuspended	in	annealing	mixture.	For	TGIRTIII,	10	µL	reactions	were	prepared	in	PCR	strip	tubes	with	RNA,	2	µL	Invitrogen	5×	FS	buffer,	0.5	µL	10	mM	dNTPs,	0.5	µL	SUPERaseIn,	0.5	
µL	100mM	DTT,	0.5	µL	25M	RT	primer	oBZ192,	0.5	µL	10	M	TGIRTIII,	and	incubated	at	60	
°C	 for	1	h.	 For	SSII,	 6	µL	annealing	 reactions	were	prepared	 containing	RNA,	0.6	µL	10×	MaPBasic	Buffer	(500	mM	Tris	pH	8.0,	750	mM	KCl,	100	mM	DTT),	0.5	µL	25	M	RT	primer	oBZ192.	RNA	was	annealed	to	primer	by	incubating	in	a	thermal	cycler:	4	min	at	65	°C,	2	min	at	55	°C,	2	min	at	45	°C,	2	min	at	42	°C,	hold	on	ice.	6	µL	of	extension	mix	(2.2	µL	water,	0.6	
µL	MaPBasic	buffer,	0.6	µL	10	mM	dNTPs,	0.5	µL	SUPERaseIn,	1.44	µL	50	mM	MnCl2,	0.6	µL	SSII)	was	 added,	mixed,	 and	 incubated	 at	 42	 °C	 for	 1	 h.	 After	 all	 RT	 reactions,	 RNA	was	degraded	 by	 addition	 of	 1	µL	 5	M	 NaOH,	 and	 incubation	 for	 3	min	 at	 95	 °C.	 cDNA	was	precipitated,	resuspended	in	10	mM	Tris	pH	7,	incubated	for	3	min	at	95	°C,	and	run	on	a	10%	TBE–urea	gel.	For	mutation	datasets,	full	length	RT	products	were	isolated.	For	all	RT	stop	datasets,	including	the	untreated	controls,	cDNA	was	isolated	from	∼20nt	above	the	RT	primer	 to	 ∼20nt	 below	 the	 full-length	 product.	 Gel	 extraction	 was	 performed	 as	 above,	pellets	were	resuspended	in	Circ	ligase	mix	(15.5	µL	10	mM	Tris	pH	8.0,	2	µL	10×	Circ	ligase	buffer,	1	µL	1mM	ATP,	1	µL	50	mM	MnCl2,	0.5	µL	Circ	Ligase	I	(Epicentre)),	and	incubated	at	60	°C	for	2	h,	then	80	°C	for	20	min.	Circularized	cDNA	was	amplified	with	8–12	cycles	of	PCR,	gel	purified,	and	subjected	to	Illumina	sequencing	on	a	HiSeq	2500	with	50	bp	single-end	reads.				
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Processing	of	sequencing	data	Raw	reads	were	trimmed	of	3	adaptor	sequence	(CACTCGGGCACCAAGGAC)	with	skewer52.	ShapeMapper	2.053	was	used	 to	 trim	 low-quality	sequences,	align	reads	 to	 the	consensus	MRE60054	or	S.	 cerevisiae	 (Saccharomyces	Genome	Database)	 rRNA	sequence,	and	count	mutations	 and	 read	 coverage	 at	 each	 position.	 Mutation	 fractions	 were	 defined	 as	 the	number	of	reads	not	matching	the	reference	at	a	given	nucleotide	position,	divided	by	the	total	number	of	reads	overlapping	the	position.	A	number	of	rRNA	positions	have	nucleotide	modifications	or	vary	between	rRNA	copies	within	an	organism,	causing	a	high	background	of	apparent	mutations	at	that	position.	These	positions	were	detected	by	manual	inspection	of	mutation	traces	in	a	genome	browser55,56	and	excluded	from	downstream	analysis.	These	positions	were	E.	 coli	 16S	 rRNA	1207,	 1498,	 1518,	 1519;	E.	 coli	 23S	 rRNA	745,	 1915;	 S.	cerevisiae	 18S	 rRNA	 1191,	 1781,	 1782;	 S.	 cerevisiae	 25S	 rRNA	 645,	 2634,	 2843;	 Homo	sapiens	18S	rRNA	1248,	1851;	H.	sapiens	28S	rRNA	60,	1322,	3041,	3506,	4530,	4805,	4906.	For	RT	stop	analysis,	trimmed	reads	were	mapped	to	rRNA	sequences	using	STAR57,	and	5’	ends	were	counted.	Soft-clipped	nucleotides	were	ignored	when	determining	read	ends	to	reduce	the	effect	of	untemplated	nucleotides	added	during	RT.	For	background	subtraction,	the	RT	stop	RPM	or	mutation	rate	 for	 the	UV-only	control	was	subtracted	 from	the	NAz-treated	control	for	each	nucleotide.	A	data	analysis	pipeline	that	performs	these	processing	steps	 and	 outputs	 tables	 of	 RT	 stops	 and	 mutations	 is	 available	 on	 GitHub	(https://github.com/borisz264/LASER	seq	2018).	Raw	reads	and	processed	data	have	been	deposited	in	the	Gene	Expression	Omnibus	with	accession	GSE113529.	
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Counting	mutation	co-occurrences	in	sequencing	reads	In	order	to	identify	mutations	in	each	read,	we	used	the	‘–	output-parsed-mutations’	flag	in	ShapeMapper	2.0	to	produce	a	per-read	list	of	mutations	and	their	positions	within	the	rRNA.	We	parsed	this	list	to	count	the	number	of	mutations	in	each	read,	only	counting	mutations	as	 separate	 if	 their	 positions	 were	 separated	 by	 five	 or	 more	 nucleotides	 in	 the	 rRNA	reference.		
Detection	of	ligand-dependent	reactivity	changes	For	 computation	 of	 mutation	 rate	 change,	 fold	 change,	 or	 significance,	 background	subtraction	was	not	used.	To	determine	significantly	protected	or	deprotected	nucleotides	we	performed	the	following	analysis	method30	with	the	following	minor	modifications.	For	each	nucleotide,	mutation	rates	(M)	were	normalized	by	dividing	by	the	average	mutation	rate	(A)	across	all	A	and	G	nucleotides	in	the	rRNA.	The	normalized	mutation	rate	N	is	M/A.	For	each	nucleotide,	the	difference	in	the	normalized	mutation	rate	between	bound	(Nb)	and	unbound	(Nu)	is	DN	=	Nb	–	Nu.	The	standard	error	(s)	of	the	mutation	rate	for	a	nucleotide	is	the	square	root	of	the	mutation	rate	divided	by	the	read	depth	(C),	which	is	further	scaled	by	
the	average	mutation	rate:		s	=	( "# /𝐴).	Z	factors	were	computed	as	z	=	1-	(1.96	*	(sb+su)/	|	DN).	Standard	reactivity	change	scores	were	computed	as	=	D'()*+, +--	D'./_123(455	D') .	A	nucleotide	was	considered	to	have	a	significant	reactivity	change	if	|S|	>	0	and	z	>	0.	For	MA	plots,	fold	change	was	computed	as	Mb/Mu	and	the	average	read	counts	were	computed	as	(MuCu	+MbCb)/2.	Since	LASER	does	not	modify	all	nucleotides,	we	did	not	average	the	signal	over	a	sliding	window	 or	 require	 multiple	 affected	 nucleotides	 within	 a	 range	 to	 call	 a	 nucleotide	 as	
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protected	or	deprotected.	Since	this	error	model	only	accounts	for	the	raw	error	inherent	in	read	counting,	and	not	any	biological,	biochemical,	or	experimental	noise,	we	limited	our	hits	to	those	found	in	all	of	the	datasets.	We	used	the	same	control	dataset	for	all	ligands	within	a	batch	for	a	given	RT.		
Computation	of	solvent-accessible	surface	area	ROC	curve	analysis	To	determine	the	solvent	accessible	surface	area	of	the	C8	or	2	‘OH	positions	of	purines,	we	used	the	‘get	area()’	command	in	PyMol	(Schrodinger,	LLC).	We	used	PDB	ID	¨	4ybb	for	E.	
coli.	and	4v88	for	S.	cerevisiae	ribosomes.	We	set	the	‘solvent	radius’	parameter	to	either	3,	4	or	5	Å,		‘dot	solvent’	to	1,	and	‘dot	density’	to	3.	Solvent	accessible	surface	area	values	are	reported	in	Å2.	Nucleotides	that	were	excluded	from	MaP	quantification	(see	‘processing	of	sequencing	data’	above)	or	unresolved	in	the	structure	were	excluded	from	ROC	analysis.	A	ROC	 curve	was	 generated	 by	 iterating	 a	mutation	 rate	 threshold	 from	0	 to	 1	 in	 steps	 of	0.00001	and	counting	the	number	of	nucleotides	below	this	threshold	with	SASA	≥	5	Å2	(true	positives)	or	SASA	<	5	Å2	(false	positives).									
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5.7	Supplementary	Data	
	
Figure	5-S1:	LASER-MaP	Reactivity	for	the	Entire	E.	coli	16S	rRNA	Mutation	fractions	for	SSII	and	TGIRTIII.	Single	nucleotide	polymorphisms	between	E.	coli	rRNA	copies	are	indicated	by	*,	deletions	by	-,	and	modified	nucleotides	that	cause	mutations	or	RT	stops	are	indicated	by	name.	
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Figure	5-S2:	LASER-Seq	Reactivity	for	the	Entire	E.	coli	16S	rRNA	RT	stop	RPMs	for	SSII	and	TGIRTIII.	Single	nucleotide	polymorphisms	between	E.	coli	rRNA	copies	are	indicated	by	*,	deletions	by	-,	and	modified	nucleotides	that	cause	mutations	or	RT	stops	are	indicated	by	name.	
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Figure	5-S3:	Reproducibility	of	LASER-seq	and	Effects	of	Background	Subtraction.	
A.	CDF	of	mutation	fractions	for	each	nucleotide,	with	UV-only	control	subtracted.	B.		CDF	of	background-subtracted	RT	 stop	RPMs	 for	 each	nucleotide.	 C.	Correlation	of	 raw	 (top)	 or	background-subtracted	 (bottom)	 mutation	 fractions	 for	 A	 and	 G	 nucleotides	 between	libraries	prepared	from	E.	coli	ribosomes	with	the	same	RT	enzyme.	These	reactions	are	not	
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exact	replicates	as	half	of	them	include	preincubation	with	EF-G.	The	outlier	nucleotides	in	these	plots	 are	 explored	 in	 Figure	5-4.	 Spearman	ρ,	 Pearson	 r	 and	number	 of	 points	 are	indicated	 on	 all	 correlation	 plots.	D.	 Correlation	 of	 raw	 (top)	 or	 background-subtracted	(bottom)	RT	 stop	RPMs	 for	A	 and	G	 nucleotides	 between	 libraries	 prepared	 from	E.	 coli	ribosomes	with	 the	 same	RT	enzyme.	E.	Correlations	between	 two	different	RTs	 for	 raw	(top)	 or	 background	 subtracted	 (bottom)	 RT	 stop	 RPMs	 and	 mutation	 fractions.	 F.	Correlation	 between	 raw	 (top)	 or	 background	 subtracted	 (bottom)	 RT	 stop	 RPMs	 and	mutation	rates	for	the	same	RT.	
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Figure	 5-S4:	Distribution	 of	 Mutation	 Rates	 Across	 the	 S.	 cerevisiae	 18S	 rRNA	 for	 MaP	libraries	probed	with	various	reagents	and	reverse	transcribed	with	SSII	(1M7,	BzCN,	NAz)	or	TGIRTIII	(DMS).	Data	was	compared	to	DMS26.	
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Figure	 5-S5:	 Per-read	 Mutation	 Counts	 with	 LASER	 A.	 Fractions	 of	 reads	 containing	indicated	number	of	mutations	for	NAz-treated	libraries	or	UV-only	controls.	B.	NAz+UV	/	UV	only	ratio	of	read	fractions	containing	each	number	of	reads.	
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Figure	5-S6:	ROC	analysis	 for	prediction	of	 solvent-accessible	nucleotides	on	E.	 coli	using	A.	3	Å	probe	radius,	B.	4	Å	probe	radius,	C.	5	Å	probe	radius,	and	D.	S.	cerevisiae	4	Å	probe	radius.	ROC	curves	were	then	calculated	by	setting	different	solvent	accessibility	limits	for	C8	of	guanosine	and	adenosine	residues.	Slight	increases	in	sensitivities	were	observed	
184		
as	 the	 SASA	 cutoff	 for	 true	 positives	 was	 increased.	E.	 Inspection	 of	 residues	 with	 high	LASER-MaP	reactivity,	but	low	calculated	SASA	values	in	the	yeast	crystal	structure	(PDB	ID	4V88).	Highly	reactive	purines	(labeled	 in	red)	were	defined	as	 those	with	mutation	rate	greater	than	1%	after	background	subtraction.	C8	atoms	are	highlighted	in	green.	Osmium	(III)	hexamine	is	labeled	in	yellow.	
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Figure	5-S7:	LASER-MaP	Difference	Summary	from	EF-G	Binding		
A.	Difference	in	LASER-MaP	mutation	fraction	across	the	entire	E.	coli	23S	rRNA,	for	EF-G	bound	ribosomes	compared	to	unbound	ribosomes.	Nucleotides	in	the	E.	coli	23S	rRNA	with	
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a	statistically	significant	increase	or	decrease	in	all	EF-G-treated	samples	are	highlighted	in	green	and	orange,	respectively.	B.	MA	(log	average	vs	log	ratio)	plot	comparing	the	average	number	of	mutations	at	rRNA	nucleotides	to	their	fold	change	in	mutation	fraction	upon	EF-G	 binding.	 C.	 The	 EF-G-bound	 GTPase-activation	 center	 (GAC,	 dark	 blue)	 of	 the	 E.	 coli	ribosome	viewed	from	the	A	site	(PDB	ID	3J9Z),	with	the	unbound	structure	superimposed	(PDB	 ID	4YBB)	 in	 light	blue.	The	 two	structures	were	aligned	 in	PyMol	2.0	 (Schrödinger,	LLC),	 based	 on	 the	 entirety	 of	 the	 23S	 rRNA.	Nucleotides	 protected	 by	 EF-G	 binding	 are	highlighted	on	the	bound	and	unbound	structures	in	orange	and	red,	respectively.	
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Figure	5-S8:	Replicate	Reproducibility	and	Differences	in	LASER-MaP	with	onc112		
A.	 Scatter	 plots	 of	 LASER-MaP	mutation	 fractions	 for	 replicates	 from	 the	 same	 (top)	 or	different	(bottom)	batches	of	reactions.	B.	MA	(log	average	vs	log	ratio)	plots	comparing	the	average	number	of	mutations	at	rRNA	nucleotides	to	their	fold	change	in	mutation	fraction	upon	onc112	binding.	
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Supplementary	Table	5-S1:	Oligonucleotides	used	for	Cloning	LASER-Seq	and	LASER-
MaP	
oligo	name	 sequence	(5'	to	3')	oBZ191_linker2	 /preA/CACTCGGGCACCAAGGA/ddC/	oBZ192_linker2_RT_primer	 /5Phos/AGATCGGAAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTCGGTGGTCGC/iSP18/	CACTCA/iSp18/TTCAGACGTGTGCTCTTCCGATCTGTCCTTGGTGCCCGAGTG	oBZ287_Illumina_PCR_F	 AATGATACGGCGACCACCGAGATCTACAC	oBZ197_bar01_green_lab	 CAAGCAGAAGACGGCATACGAGATaaacctGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ198_bar02_green_lab	 CAAGCAGAAGACGGCATACGAGATctcaggGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ199_bar03_green_lab	 CAAGCAGAAGACGGCATACGAGATgggttcGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ200_bar04_green_lab	 CAAGCAGAAGACGGCATACGAGATtctgaaGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ201_bar05_green_lab	 CAAGCAGAAGACGGCATACGAGATacagcaGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ202_bar06_green_lab	 CAAGCAGAAGACGGCATACGAGATcaccgtGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ203_bar07_green_lab	 CAAGCAGAAGACGGCATACGAGATgtgatgGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ204_bar08_green_lab	 CAAGCAGAAGACGGCATACGAGATtgttacGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ205_bar09_green_lab	 CAAGCAGAAGACGGCATACGAGATagatccGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ206_bar10_green_lab	 CAAGCAGAAGACGGCATACGAGATcccggaGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ207_bar11_green_lab	 CAAGCAGAAGACGGCATACGAGATgagcttGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ208_bar12_green_lab	 CAAGCAGAAGACGGCATACGAGATtttaagGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ209_bar13_green_lab	 CAAGCAGAAGACGGCATACGAGATaacttgGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ210_bar14_green_lab	 CAAGCAGAAGACGGCATACGAGATctggacGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ211_bar15_green_lab	 CAAGCAGAAGACGGCATACGAGATggtccaGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ212_bar16_green_lab	 CAAGCAGAAGACGGCATACGAGATtcaagtGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ213_bar17_green_lab	 CAAGCAGAAGACGGCATACGAGATaccattGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ214_bar18_green_lab	 CAAGCAGAAGACGGCATACGAGATcagtagGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ215_bar19_green_lab	 CAAGCAGAAGACGGCATACGAGATgttgccGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ216_bar20_green_lab	 CAAGCAGAAGACGGCATACGAGATtgacgaGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ217_bar21_green_lab	 CAAGCAGAAGACGGCATACGAGATagcctaGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ218_bar22_green_lab	 CAAGCAGAAGACGGCATACGAGATccgaatGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ219_bar23_green_lab	 CAAGCAGAAGACGGCATACGAGATgattcgGTGACTGGAGTTCAGACGTGTGCTCTTCCG	oBZ220_bar24_green_lab	 CAAGCAGAAGACGGCATACGAGATttaggcGTGACTGGAGTTCAGACGTGTGCTCTTCCG		
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Supplementary	Table	5-S2:	EF-G	Protections
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Supplementary	Table	5-S3:	onc112	Protections	
E.	coli	nucleotide	 	 change	type	 T.	Thermophilus	nucleotide	
E.c.23S_rRNA_2057G	 deprotected	 2078A	
E.c.23S_rRNA_2608G	 deprotected	 2619G	
E.c.23S_rRNA_750A		 protected	 796A	
E.c.23S_rRNA_751A		 protected	 797A	
E.c.23S_rRNA_2059A	 protected	 2080A	
E.c.23S_rRNA_2061G	 protected	 2082G	
E.c.23S_rRNA_2062A	 protected	 2083A	
E.c.23S_rRNA_2451A	 protected	 2462A	
E.c.23S_rRNA_2503A	 protected	 2514A	
E.c.23S_rRNA_2505G	 protected	 2516G	
E.c.23S_rRNA_2553G	 protected	 2564G	
E.c.23S_rRNA_2574G	 protected	 2585G	
E.c.23S_rRNA_2576G	 protected	 2587G	
E.c.23S_rRNA_2581G	 protected	 2592G	
E.c.23S_rRNA_2582G	 protected	 2593G	
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Chapter	6:	Conclusions	
6.1	Conclusions	and	Future	Directions	
Our	 understanding	 of	 RNA	 structure	 is	 severely	 limited	 due	 to	 a	 lack	 of	 direct	methods	 for	 probing	 RNA	 structure	 inside	 cells.	 Small	molecule	 probes,	 which	 can	 both	diffuse	 inside	 cells	 and	 modify	 a	 specific	 RNA	 functional	 groups	 can	 overcome	 these	shortcomings.	Current	chemical	methods	for	probing	RNA	structure	in	cells	are	restricted	to	the	 Watson	 Crick	 interface	 (DMS;	 A	 and	 C	 residues)	 or	 the	 2’-hydroxyl	 on	 the	 sugar.	Furthermore,	 the	 techniques	 for	 whole	 transcriptome	 analysis	 of	 structure	 are	 not	 well	established.	In	this	dissertation,	I	have	worked	to	improve	reagent	design	for	SHAPE	that	are	amenable	 to	 current	 library	 generation	 methods.	 Further,	 my	 work	 has	 expanded	 the	reagent	 toolset	 by	 adopting	 nitrene	 chemistry	 for	 measuring	 solvent-accessible	 C8	functional	 group	 in	 purines.	 This	 work	 provides	 a	 strong	 foundation	 to	 explore	 future	biology	with	RNA	structure.		The	 stability	 of	 the	 common	 SHAPE	 reagent,	 NAI,	 complicates	 measurements	 for	downstream	 analysis.	 The	 NAI	 scaffold	 was	 used	 as	 the	 de	 facto	 in-cell	 transcriptomic	probing,	but	modified	RNA	could	ultimately	deacylate	under	high	heat	conditions	found	in	fragmentation,	 quench	 steps	 of	 ligations,	 and	 priming	 from	 reverse	 transcription.	 Such	deacylation	could	therefore	generate	false	positive	RT-stops.	FAI	is	a	similar	SHAPE	reagent	with	similar	reactivity	over	NAI.	However,	in	chapters	2	and	3,	I	demonstrated	that	the	FAI	scaffold	is	advantageous	over	NAI	by	measuring	the	level	of	deacylation	with	heat	treatments	up	to	95	°C.	FAI-N3	shows	similar	levels	of	stability,	providing	us	with	a	powerful	alternative	when	making	libraries	from	structure-based	probing.	
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	 A	major	limitation	of	structure	probing	reagents	inside	cells	is	the	lack	of	methods	for	detecting	 solvent	 accessibility.	Commonly	used	 in	 vitro	solvent	 accessible	probes	 such	as	hydroxyl	radical	probing	can	only	be	utilized	with	synchrotron	source	for	in	cell	work1.	In	chapter	4,	I	outline	a	novel	method	for	probing	purine	solvent	accessibility,	LASER,	which	relies	on	a	small	molecule	in	conjunction	with	a	handheld	UV	lamp.	This	approach	afforded	us	the	access	to	the	C8	positions	of	adenosines	and	guanosines,	which	we	used	SAM-I	as	a	control	to	detect	solvent	accessible	changes	due	to	ligand	binding.		We	extended	our	analysis	to	search	for	RNA	solvent	accessibility	using	18s	rRNA	as	well	as	the	U1	snRNA	in	vivo.	This	new	addition	into	our	small	molecule	repertoire	can	help	discover	novel	structural	elements	inside	cells.		 	In	chapter	five,	we	demonstrated	the	power	of	deep	sequencing	by	analyzing	LASER	modifications	as	induced	mutations2.	This	combination,	termed	LASER-seq,	was	shown	to	introduce	mutations	at	adenosines	and	guanosines,	which	were	comparable	to	the	level	of	DMS	induced	mutations	of	adenosines	and	cytidines3.	The	new	approach	combining	solvent	accessibility	with	deep	sequencing	allowed	us	to	probe	the	rRNA	of	reconstituted	ribosomes,	allowing	 us	 to	 measure	 structural	 differences	 with	 different	 ribosome	 states.	 Probing	ribosomal	rRNA	dynamics	is	integral	for	studying	antibiotic	interactions,	as	well	as	different	ribosome	states	during	the	different	processes	of	translation4.	LASER-seq	has	the	additional	ability	to	analyze	these	potential	states	inside	cells,	therefore	providing	with	the	ability	to	delve	 deeper	 with	 mechanistic	 details	 of	 these	 interactions	 with	 combinatorial	 drug	challenges.		 The	work	done	in	this	dissertation	has	provided	significant	advancements	to	study	RNA	structure.	However,	due	to	the	infancy	of	this	field,	more	chemical	modifications	may	
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need	 to	 be	 considered	 to	 fully	 probe	 many	 different	 structural	 motifs	 inside	 cells.	 For	example,	 exploration	of	 alkylating	 reagents	with	 click	handles	 can	provide	more	detailed	information	 on	 less	 abundant	 RNA	 compared	 to	 DMS.	 Other	 avenues	 such	 as	measuring	solvent	 accessibility	 on	 pyrimidines,	 or	 measuring	 solvent	 accessibility	 on	 the	 sugar	backbone	 in	 vivo	 can	 provide	 information	 that	 might	 be	 deficient	 from	 current	 cellular	structure	reagents.	Further	design	of	probes	for	base	pairing	interactions6,	as	well	as	tertiary	interactions7	 will	 also	 be	 useful	 to	 look	 at	 RNA	 structure	 inside	 cells.	 Each	 of	 these	development	 is	 critical	 to	 studying	 RNA	 biology,	 because	 each	 reagent	 brings	 unique	characteristics	to	our	current	chemical	repertoire.		Current	 directions	 for	 LASER	 are	 to	 adopt	 this	 method	 for	 transcriptome-wide	measurements.	In	order	to	adopt	LASER	to	deep	sequencing	methodology,	NAz	is	modified	to	contain	a	second,	alkyl	azide	handle	for	use	in	sequencing5.	This	methodology	currently	under	 development,	 icLASER,	 enriches	 the	 signal	 to	 noise	 ratio	 for	 solvent	 accessible	adenosines	and	guanosines.	We	are	using	this	approach	along	with	icSHAPE	to	generate	high	resolution	structure	maps	of	RNA	transcriptome-wide.	The	combination	of	both	icLASER	and	icSHAPE	can	be	used	to	analyze	differential	RBP	structures	at	identified	eCLIP	positive	with	comparisons	 to	 eCLIP	 negative	 sites	 as	 well	 as	 predict	 protein	 occupancy	 on	 RNA	 with	Support	Vector	Machine	(SVM)	learning	models.	This	method	can	empower	the	field	to	serve	as	a	baseline	for	future	transcriptome-wide	studies.		 This	dissertation	work	has	also	provided	an	extensive	foundation	for	utilizing	RNA	structure	measurements	to	map	RNA-protein	structural	interactions.	However,	more	work	needs	to	be	done	in	order	to	meld	the	biology	of	RNA	binding	proteins	and	intended	RNA.	eCLIP	data	set	can	only	identify	RNA	binding	sites	from	potential	 interactors,	and	not	the	
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level	 of	 occupancy	 each	 interactor	 has	 on	 a	 specific	 motif.	 On	 the	 other	 hand,	 chemical	probing	can	only	output	an	average	of	all	structural	signals.	This	might	not	be	a	problem	on	steady	state	complexes	such	as	rRNA	or	snRNA,	but	the	transient	nature	of	mRNA	with	its	many	RBPs	 can	be	 challenging	 to	demultiplex	with	 structural	probing	alone.	Preliminary	studies	are	already	conducted	in	vitro	in	order	to	relate	RBP	binding	kinetics	with	random	RNA	oligonucleotides8.	This	could	provide	a	secondary	measurement	on	the	likely	binding	site	of	RBP	to	RNA	interactions	given	the	local	concentrations	of	the	RBP.	Challenging	the	cells	to	different	conditions	may	also	shift	the	populations	of	RNAs	bound	with	specific	RBPs.	In	one	possible	scenario,	stress	granules	sequester	many	RNA	protein	complexes	when	cells	are	 under	 duress9.	 Accompanied	 with	 our	 baseline	 dataset	 of	 RBP	 and	 RNA	 structure	interactions	 from	 icLASER	 and	 icSHAPE,	we	may	be	 able	 to	 better	 distinguish	 important	structural	signals	related	to	specific	sets	of	RNA	binding	proteins.			 In	conclusion,	the	RNA	field	is	constantly	expanding	to	understand	the	function	of	any	given	RNA	element	in	the	cell.	As	many	of	these	elements	are	noncoding,	they	therefore	have	additional	roles	that	extend	beyond	carrying	genetic	information	between	the	genome	and	proteome	of	a	cell.	The	structural	reagents	developed	in	this	work	imparts	the	field	with	the	resources	to	further	discover	important	functions	in	RNA	biology.							
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